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Abstract

Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia and is a major cause

of stroke and morbidity. Recent genome-wide association studies have shown that paired-

like homeodomain transcription factor 2 (Pitx2) to be strongly associated with AF. However,

the mechanisms underlying Pitx2 modulated arrhythmogenesis and variable effectiveness

of antiarrhythmic drugs (AADs) in patients in the presence or absence of impaired Pitx2

expression remain unclear. We have developed multi-scale computer models, ranging from

a single cell to tissue level, to mimic control and Pitx2-knockout atria by incorporating recent

experimental data on Pitx2-induced electrical and structural remodeling in humans, as well

as the effects of AADs. The key findings of this study are twofold. We have demonstrated

that shortened action potential duration, slow conduction and triggered activity occur due to

electrical and structural remodelling under Pitx2 deficiency conditions. Notably, the elevated

function of calcium transport ATPase increases sarcoplasmic reticulum Ca2+ concentration,

thereby enhancing susceptibility to triggered activity. Furthermore, heterogeneity is further

elevated due to Pitx2 deficiency: 1) Electrical heterogeneity between left and right atria

increases; and 2) Increased fibrosis and decreased cell-cell coupling due to structural

remodelling slow electrical propagation and provide obstacles to attract re-entry, facilitating

the initiation of re-entrant circuits. Secondly, our study suggests that flecainide has antiar-

rhythmic effects on AF due to impaired Pitx2 by preventing spontaneous calcium release

and increasing wavelength. Furthermore, our study suggests that Na+ channel effects alone

are insufficient to explain the efficacy of flecainide. Our study may provide the mechanisms

underlying Pitx2-induced AF and possible explanation behind the AAD effects of flecainide

in patients with Pitx2 deficiency.
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Author summary

Atrial fibrillation (AF) is an abnormal heart rhythm that can lead to stroke and death.

Recent studies have uncovered that AF-associated risk variants are adjacent to the Pitx2

locus, furthermore, the have demonstrated that AF patients with these variants respond

better to certain antiarrhythmic drugs (AADs). However, the mechanisms underlying

Pitx2 modulated arrhythmogenesis and variable effectiveness of AADs remain unclear.

To untangle this issue, we have developed multi-scale computer models, ranging from sin-

gle cell to tissue level, to mimic control and the Pitx2-knockout atria by incorporating

experimental data on Pitx2-induced electrical and structural remodelling, as well as the

effects of class I ADDs (flecainide). We discovered that removal of Pitx2 caused AF char-

acterized by focal beats and re-entrant waves. It was found that these abnormalities can be

attributed to triggered beats, action potential duration shortening and slow conduction

arising from Pitx2-induced remodelling. Interestingly, these Pitx2-induced AF can be

suppressed in the presence of class I AADs such as flecainide. Our simulations revealed

that flecainide prevents triggered beats by blocking the function of ryanodine receptors

and that flecainide can terminate re-entrant waves by prolonging action potential dura-

tion due to its actions on potassium channels.

Introduction

Atrial fibrillation (AF), the most common sustained heart rhythm disorder, affects more

than 33 million people worldwide and represents a growing cause of stroke and morbidity

[1, 2]. Although the prevalence of AF increases with age and with the context of concomi-

tant cardiac pathologies such as myocardial ischemia, hypertension and heart failure,

genome-wide association studies (GWAS) have shown that one-third of AF patients carry

common genetic variants, suggesting that AF has a heritable component[3–5]. These single

nucleotide polymorphisms rs2200733 and rs10033464 were firstly identified in European,

Chinese and Japanese populations on chromosome 4q25[6]. The gene-poor 4q25 region

harbors the Pitx2 homeobox gene, which has been implicated in AF predisposition[3, 4, 7].

Pitx2 plays an important role in a left-sided signalling pathway that establishes the left-right

asymmetry of the heart[8, 9]. Pitx2 encodes 3 isoforms (Pitx2a, Pitx2b and Pitx2c) and the

Pitx2c isoform promotes the embryonic development of cardiac left–right asymmetry, with lev-

els in right and left atriums being 1:100[10]. The atrial-selective transcription factor Pitx2 is an

upstream transcriptional regulator of atrial electric function and cardiogenesis[11, 12]. Com-

plete loss of Pitx2 function can result in malformation of the pulmonary veins that are well-

known sites for ectopic activity promoting spontaneous AF[9]. Pitx2 loss-of-function mouse

mutants displayed abnormal electrocardiograms with atrioventricular block, irregular R-R

intervals and low voltage P waves[13, 14]. In the Pitx2-mutant atrial myocytes, a significantly

more depolarized resting membrane potential (RMP)[14, 15], action potential duration (APD)

shortening[10, 16, 17], and abnormalities in calcium handling[18, 19] were observed. Further-

more, expression array analyses identified genes related to calcium handling, gap junctions and

ion channels affected by the reduced expression of Pitx2, mediating AF risk in carriers of com-

mon gene variants[10, 13, 14, 16, 19–21]. However, the precise AF pathophysiology under

reduced Pitx2 remains unclear. Population-based studies have assessed the influence of com-

mon SNPs related to AF on the response to antiarrhythmic drug (AAD) therapies and showed

that carriers of the variant allele at rs10033646 on chromosome 4q25 (Pitx2) responded favour-

ably to the class I AAD (flecainide)[22–26]. The possible reasons behind this remain elusive.
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In this study, we aimed to utilize virtual human atrial models to investigate the functional

role of Pitx2-induced remodeling in atrial arrhythmogenesis and to examine the mechanism

underlying the efficacy of flecainide for patients with Pitx2-induced AF. To achieve this, we

adopted the previously modified and validated Courtemanche-Ramirez-Nattel model

(CRN-TPA) for the human atrial cell by incorporating formulations of intracellular calcium

dynamics from the ten Tusscher-Panfilov model to reproduce triggered activity[24, 27]. We

then modified the model to produce four distinct models of Pitx2-induced electrical remodel-

ing based on grouping existing literature. Furthermore, regional cellular heterogeneity

between RA and LA, as well as Pitx2-induced structural remodeling including cell-cell cou-

pling and fibrosis, was integrated into the computer models. Lastly, the antiarrhythmic action

of flecainide was systematically simulated by integrating the block effects of flecainide on the

sodium channel INa, rapidly activating delayed rectifier potassium channel IKr and ryanodine

receptor (RyR) into atrial cell models.

Methods

An overview of our multi-scale human atrial models are provided in Fig 1. The downregula-

tion of Pitx2 in membrane effector genes (the magenta circles) and alterations in ion channels

and gap junction encoded by these genes were integrated into the multi-scale atrial models

(Fig 1A). The developed models included single cells, 1D atrial strands and 2D atrial tissue.

These Pitx2-mutant models were then incorporated with the actions of flecainide on ion chan-

nels (the red circles) to assess its efficacy.

Human atrial cell model

At the single cell level, a recent human atrial cellular kinetics model (CRN-TPA) (S1 Fig)

developed by our group was further adapted to simulate control and Pitx2 deficiency-induced

AF conditions[24]. Cellular heterogeneity between LA and RA was modeled by taking into

account differences in mRNA level for Pitx2 and in IKr current density (S1 Table). Under con-

trol conditions, Pitx2 level in human LA is almost 100-fold higher in the LA as compared to

that in RA[10] (Fig 1B) and IKr current density in LA cells is 1.6-fold of that in RA cells[28, 29]

(Fig 1C).

Pitx2-induced electrophysiological remodeling

To study the effect of the Pitx2-dependent gene regulatory network in human atrial myocytes,

we incorporated alterations in the ion channel properties due to Pitx2 deficiency into the

CRN-TPA model. These Pitx2-induced changes in ion channels and cell-to-cell coupling have

been characterized in many animal studies. Although these studies have shown SR calcium

overload, RMP elevation and APD abbreviation in Pitx2-mutant mice atrial myocytes[10, 14–

16, 18, 19], the identified remodeled ion channels are different in these studies: remodeling in

IK1 was identified among some studies[14, 15]; whereas remodeling in other channels, such as

ICaL, IKs and INa, are present in others[16, 19–21]. Recent studies also characterized changes to

the subcellular calcium handling properties and alterations to the tissue structure (i.e., fibrosis

and gap junctions)[14, 21]. To incorporate such variations in experimental data into the com-

puter models, four different scenarios (Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4) (Fig 1D) were

considered here for simulating Pitx2-induced remodeling (Table 1). Pitx2-1 included the

remodeled inward-rectifier potassium current (IK1) (green)[15], while Pitx2-2 included the

remodeled L-type calcium current (ICaL) and slow delayed rectifier potassium current (IKs)
(magenta)[16]. Pitx2-3 has incorporated with remodelled key regulators associated with cal-

cium handling, i.e., ICaL, RyR and calcium transport ATPase (SERCA) (red)[19]. The Pitx2-4

The mechanisms underlying AF due to impaired Pitx2
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Fig 1. Multi-scale computer models to investigate the mechanism underlying Pitx2-induced AF and the effects of class Ic AAD (flecainide). a, The

computer models incorporated Pitx2-induced electrical and structural remodeling, and flecainide interactions with ion channels. Remodeled targets (magenta

circles) included gap junction, IK1, IKs, INa, ICaL, RyR and SERCA. Drug targets of flecainide (red circles) were IKr, INa and RyR. Under the control condition,

heterogeneity in Pitx2 expressions (b) and AP (c) between LA and RA was included in the computer models. d, Based on experimental and clinical studies up to

date, four Pitx2 deficiency-induced human atrial cell models were developed: Pitx2-1 with remodeled IK1 (green), Pitx2-2 with remodelled IKs and ICaL

(magenta), Pitx2-3 with remodelled ICaL, RyR and SERCA (red) and Pitx2-4 with remodelled IK1, IKs, INa, ICaL, RyR and SERCA (blue). Abbreviations: AF–atrial

fibrillation; AAD–antiarrhythmic drug; LA–left atrium; RA–right atrium; AP–action potential; RyR–ryanodine receptor; SERCA–calcium transport ATPase.

https://doi.org/10.1371/journal.pcbi.1007678.g001
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model took into account all identified regulators and best represented Pitx2 deficiency-

induced electrical remodeling by including remodeled INa, IKs, IK1, ICaL, RyR and SERCA[15,

16, 19, 21] (blue). Furthermore, based on the assumption that the extent of electrical remodel-

ling in atrial cells is dependent on mRNA level for Pitx2, Pitx2-modulated targets in LA cells

have a 100 times greater change compared to those in RA cells. This enabled us to: (1) consider

a broad range of experimental data on identified ion channel remodeling; (2) investigate the

effects of varying degrees of remodeling to reproduce phenomenon observed in animal experi-

ments; and (3) ascertain mechanisms underlying Pitx2-induced AF.

Actions of flecainide on ion channels

To investigate the anti-arrhythmic effects of the class Ic drug flecainide, we integrated the

actions of flecainide on ion channels and RyR into the Pitx2-mutant computer models.

According to experimental/clinical data[26, 30], modifications to ion channels provoked by

flecainide were modeled by using the standard sigmoid dose-response curve (S2 Fig) parame-

trized with IC50 and Hill coefficient (nH = 1). The values of IC50 for inhibition of INa, IKr and

RyR open probability were 84, 1.5[30] and 55 μM[26], respectively.

1D multicellular models

To study the effect of Pitx2-induced remodelling and flecainide on spatiotemporal behavior of

electrical waves, we designed a 1D RA-LA strand model in which it has 75 RA myocytes and

the other 75 LA cells. The diffusion coefficient (D) was set to a value of 0.1 cm2/s that gave a

CV of a planar wave at 48.61 cm/s, within the physiological ranges (Slow: 30 to 40 cm/s, Nor-

mal: 60 to 75 cm/s, Fast: 150 to 200 cm/s). In Pitx2-mutant models, D in the LA was reduced

by 50% to simulate the reduction in CV resulting from Pitx2-induced structural remodeling.

Electrical waves in the strand model were evoked by the supra-threshold stimuli applied to

three myocytes at the RA end. VW of unidirectional conduction block, an index to quantify

the temporal vulnerability of cardiac tissue to re-entry, was quantified by varying the S1-S2

interval in the 1D homogeneous atrial strand. The protocol included 10 S1 stimuli applied at

the end of the atrial strand and an S2 stimulus applied at the central segment of the atrial

strand. Furthermore, VWRA-LA of unidirectional conduction block was measured to quantify

Table 1. Review of Pitx2-insufficiency induced remodelling data and model parameters in human left atrium.

Process Experimental observation Control Pitx2-1 Pitx2-2 Pitx2-3 Pitx2-4

INa -60% (SCN5A & SCN1B) (Chinchilla et al., 2011); -40% (SCN5A & SCN1B) (Lozano-Velasco et al., 2017);

+95% SCN5A (Nadadur et al., 2016); No Change (Syeda et al., 2016)

— — — — +10%

IKs +150% KCNQ1(Tao et al., http://circgenetics.ahajournals.org/2014); +100% (Pérez-Hernández et al.,

2015); Increased volt-dependent potassium current (Kirchhof et al., 2011)

— — +100% — +150%

IK1 -20% (KCNJ2 & KCNJ12) (Chinchilla et al., 2011); +30 (KCNJ2 & KCNJ12) (Lozano-Velasco et al., 2017);

-25% (Syeda et al., 2016)

— -25% — — -30%

ICaL +500% CACNA1D (Tao et al., 2014); -50% (Pérez-Hernández et al., 2015); -50% (Lozano-Velasco et al.,

2015); -30% CACNA1C (Lozano-Velasco et al., 2017); Decreased CACNA1C (Kirchhof et al., 2011)

— — -50% -50% -30%

SERCA +50% ATP2A2(Tao et al., 2014); +1000% ATP2A2(Lozano-Velasco et al., 2015); +100% ATP2A2(Lozano-

Velasco et al., 2017); +12% ATP2A2 (Nadadur et al., 2016)

— — — +200% +100%

RyR +145% RyR2 (Tao et al., 2014); +30% RyR2 (Lozano-Velasco et al., 2015); +30% RyR2 (Lozano-Velasco

et al., 2017); +10% RyR2 (Nadadur et al., 2016)

— — — +30% +30%

Gap

junctions

-55% GJA1(Chinchilla et al., 2011); -5% GJA1(Nadadur et al., 2016); +100% GJA1 (Tao et al., 2014);

+1000% (Pérez-Hernández et al., 2015); -50% (Pérez-Hernández et al., 2015);

-58% (Kirchhof et al., 2011)

— -50% -50% -50% -50%

Note: The remodelling in human right atrium is %1 of that in human left atrium. Abbreviations: RyR–ryanodine receptor; SERCA–calcium transport ATPase.

https://doi.org/10.1371/journal.pcbi.1007678.t001
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the RA-to-LA electrical heterogeneity[31, 32] by varying the S1-S2 interval in the RA-to-LA

strand model with 250 RA myocytes and the other 250 LA cells.

2D multicellular models

To illuminate the spatiotemporal dynamics of triggered activity, a 500×500 square tissue

model with randomly distributed normal myocytes, Pitx2-4 cells and fibrosis was designed to

simulate synchronization of triggered beats and investigate the conditions of arrhythmia

induction. Five different scenarios (#1, #2, #3, #4 and #5) were considered here for investigat-

ing effects of Pitx2-4 cells, fibrosis and cell-to-cell uncoupling on the inducibility of ectopic

activity. D was set to be 100% for the #1, #2 and #3 conditions, and 30% for the #4 and #5 con-

ditions, respectively. The ratios of normal cells, Pitx2-4 cells and fibrosis were set to be 80:20:0,

40:60:0, 78:20:2, 80:20:0 and 78:20:2, for the #1, #2, #3, #4 and #5 conditions, respectively. AP

synchronization in the tissue model was simulated by a stimulus applied to the entire tissue at

the beginning according to de Lang’s method[33]. In addition, the spatiotemporal behavior of

spiral waves in the drug-free Pitx2 setting versus in the presence of flecainide was investigated

in the 500×500 homogeneous LA tissue. The spiral wave was initiated by a standard S1-S2 pro-

tocol. The S1 was applied to the left surface to evoke a planar excitation wave propagating

towards the right part. The S2 was applied to a local area of the tissue within the VW to evoke

unidirectional propagation that can lead to re-entry.

Code availability

The ionic models for RA and LA atrial cells (Control, Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4)

and mathematical models of drug-channel interactions are freely available from the repository

CellML (http://models.cellml.org/workspace/5c7). The electrophysiology codes developed by

our team and can be obtained from GitHub (https://github.com/aspirerabbit).

Results

Pitx2-induced triggered activity in the single cell models

The ionic mechanisms of Pitx2 deficiency-induced AF were investigated by examining cal-

cium transient (Cai) and action potentials (APs) using the computer models of control and

four different scenarios of Pitx2-deficiency (Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4) (Fig 2). At

1Hz pacing frequency, the Pitx2 deficiency-induced electrical remodeling produced aug-

mented Cai under Pitx2-3 and Pitx2-4 conditions, and delayed afterdepolarizations (DADs)

under the Pitx2-3 condition (Fig 2A). Furthermore, we observed an increase in RMP (Pitx2-1

and Pitx2-4), large overshoot and maximum upstroke velocity (dVdtmax) (Pitx2-4), and APD

abbreviation (Pitx2-2, Pitx2-3 and Pitx2-4) in Pitx2-deficient LA cells, compared with controls

(Fig 2B–2E). However, these changes were absent in Pitx2-deficient RA cells (grey color).

Thus, the augmented alterations in APs between RA and LA in the Pitx2-deficient settings,

particularly in Pitx2-3 and Pitx2-4, significantly increased regional electrical heterogeneity.

Additional simulations at 2Hz pacing frequency were performed to investigate the effects of

pacing frequency on APs and Cai. The amplitude of Cai was increased under all four condi-

tions and triggered APs occurred in Pitx2-deficient LA cells (Pitx2-3 and Pitx2-4) when pacing

frequency was increased (Fig 2F–2J).

To further evaluate the contribution of each remodelled target to the abnormalities in AP

under Pitx2-4 condition, we conducted computer simulations by incorporating each ionic

remodelling of Pitx2-4. Compared with the control AP, remodelled IK1 resulted in a more posi-

tive RMP, increased INa contributed to greater overshot and dVdtmax, altered IKs, ICaL or

The mechanisms underlying AF due to impaired Pitx2
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Fig 2. Simulated action potentials (AP, Vm) and calcium transients (Cai) of left atrial (LA) and right atrial (RA) cells under controls and

Pitx2-induced remodelling conditions. At a pacing frequency of 1Hz, AP and Cai (a), RMP (b), overshoot (c), dVdtmax (d) and APD (e) under

control, Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4 conditions. Black and grey markers were used for LA and RA cells, respectively. Similar key

The mechanisms underlying AF due to impaired Pitx2
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SERCA caused a reduction in APD90, and enhanced SERCA increased sarcoplasmic reticulum

calcium content (CaSR) and resulted in triggered APs (S3A–S3F Fig).

To further explore the putative targets among the remodelled cellular components that con-

tribute to the Pitx2-4 phenotype, a series of simulations with modified Pitx2-4 models were

performed by reversing each remodelled target separately. Compared with triggered APs in

Pitx2-4 atrial cells, reversing SERCA remodelling rescued spontaneous depolarizations, but

not in other conditions (S3G Fig).

Effects of flecainide on Pitx2-induced arrhythmias at the single cell level

To assess the class Ic AAD flecainide, we have performed computer simulations with modelled

the interaction of flecainide with INa, IKr and RyR. Fig 3 shows APs of Pitx2-deficient LA cells

in the absence or presence of 2μM flecainide. In all cases of Pitx2-deficient LA myocytes, the

flecainide therapy rescued abnormal depolarizations (Pitx2-3 and Pitx2-4), RMP elevation,

increased overshoot, dVdtmax acceleration, and APD abbreviation. To investigate exactly how

the flecainide therapy contributes to the antiarrhythmic effects, we conducted additional simu-

lations by including flecainide actions on each ionic target (i.e., INa, IKr or RyR) separately in

the Pitx2-4 model. Compared with APs in the presence of 2μM flecainide on all targets (Fig

3F), triggered APs were still observed in Pitx2-4 cells with the action of flecainide on INa or IKr
only (Fig 3G and 3H) but not in LA myocytes with the effect of flecainide on RyR alone (Fig

3I).

Further simulations were conducted to examine whether the flecainide therapy can reduce

the heterogeneity in AP features between RA and LA caused by Pitx2 deficiency-induced elec-

trical remodelling. In presence of 2μM flecainide, our results indicate that heterogeneity in AP

features (including AP profile, RMP, overshoot, dVdtmax and APD90) between RA and LA

increased to varying degrees, compared to those in the absence of flecainide (S4A–S4E Fig).

With the increase of flecainide concentration within the therapeutic range (0.5–2 μM),

dVdtmax decreased and APD90 increased in both RA and LA cells. However, their differences

between RA and LA cells were not reduced (S4F and S4G Fig).

Arrhythmogenesis of Pitx2 deficiency in 1D computer model

We then examined the effect of Pitx2-induced remodeling on electrical excitation and hetero-

geneity of conduction in a 1D strand model with a total of 150 atrial cells (#1 - #75 for RA and

#76 - #150 for LA). Under the control condition, pacing at the RA end (cell #1) using an extra

stimulus led to electrical propagation from RA to LA. AP and Cai along the control RA-LA

strand had no obvious difference, while significant heterogeneities in AP and Cai and triggered

APs originating from LA were observed under Pitx2-deficient conditions (Pitx2-3 and Pitx2-

4) (Fig 4A). After administration of 2 μM flecainide, these heterogeneities in the Pitx2-defi-

cient strand still existed, but atrial ectopic beats were suppressed (Fig 4B). Similar to the single

cell modelling results, these ectopic beats remained in Pitx2-4 cells with the action of flecainide

on INa or IKr only, but were suppressed by the block effect of flecainide on RyR alone (S5A–

S5D Fig).

To further quantify potential substrates of re-entrant arrhythmias, we measured conduction

velocity (CV) and wavelength (WL) in both RA and LA. Compared with those under the con-

trol condition, reduction in CV and WL was observed in the four Pitx2-deficient LA strand

indicators (f-j) at a pacing frequency of 2Hz were displayed. Blue arrows indicated delayed afterdepolarizations, triggered action potentials and

spontaneous calcium transients. Abbreviations: RMP–resting membrane potential; dVdtmax−maximum upstroke velocity; APD–action

potential duration.

https://doi.org/10.1371/journal.pcbi.1007678.g002
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models but not in the RA model (Fig 4C and 4D), leading to increased dispersion of repolari-

zation and elevated susceptibility to re-entry. After administration of flecainide, for the control

and four Pitx2-deficient LA cases, CV and the differences between RA and LA remained (Fig

4E and S5E Fig), while prolongation of WL occurred in both the LA and RA (Fig 4F and S5F

Fig), thereby reducing the incidence of arrhythmias induced by Pitx2 deficiency.

Fig 3. Antiarrhythmic effects of flecainide on action potentials (AP, Vm). a, Comparison of APs of LA cells in the presence or absence of 2 μM Fle.

The main AP parameters included RMP (b), overshoot (c), dVdtmax (d) and APD (e). Simulated effects of 2 μM Fle on all targets (f), and on INa (g),

on Ikr (h) and on RyR (i) respectively. Blue arrows indicate delayed afterdepolarizations. Abbreviations: LA–left atrium; Fle–flecainide; RMP–resting

membrane potential; dVdtmax−maximum upstroke velocity; APD–action potential duration; RyR–ryanodine receptor.

https://doi.org/10.1371/journal.pcbi.1007678.g003
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Structural remodelling promoting abnormal electrical activity at the tissue

level

To further investigate focal arrhythmia arising from spatiotemporal synchronization of trig-

gered APs due to Pitx2 deficiency as well as structural remodelling (fibrosis and cell-to-cell

coupling), we designed a 2D tissue model (500×500) in which normal LA myocytes (white),

Pitx2-4 remodeled LA cells (gray) and fibrosis (black) were randomly distributed (Fig 5A).

The entire tissue was preconditioned at the beginning to produce AP synchronization accord-

ing to de Lang’s method[33]. In the well-coupled tissue, 20% Pitx2-4 cells could not overcome

the sink-source mismatch to produce excitation waves (Fig 5B). However, increased number

of Pitx2-4 cells, reduced cell-to-cell coupling or upregulated fibrosis (S6 Fig) can produce trig-

gered waves (Fig 5C–5E). Furthermore, persistently triggered activity was observed in the

model with both cell-to-cell uncoupling and fibrosis (Fig 5F). Thus, in addition to Pitx2 defi-

ciency-induced electrical remodeling, structural remodeling can further increase susceptibility

to ectopic beats at the tissue level.

We also investigated spiral wave dynamics and re-entry initiated from unidirectional con-

duction within the vulnerable window (VW) using an S1-S2 protocol. Under the drug-free

Pitx2-4 condition, a spiral wave was initiated within its VW (230–232 ms) (S7A Fig and S1

Video) and transformed into fibrillated-like waves. Furthermore, it facilitated the development

of triggered activity and interacted with ectopic beats (Fig 5G). In the presence of 2 μM flecai-

nide, a planar wave slowly propagated and then produced a spiral wave within a shorter VW

(294.7–296 ms) (S7B Fig and S2 Video). However, this re-entrant wave self-terminated at

8450 ms and no triggered activity occurred (Fig 5H). Thus, the efficacy of flecainide in sup-

pressing Pitx2-induced AF may be attributed to its effects on triggered activity and WL.

A quantitative summary of electrophysiology characteristics is listed in Table 2.

Discussion

Pitx2 plays a critical role in heart development and left-right atrial asymmetry, and its defi-

ciency is associated with a 65% increased risk of AF[3]. Flecainide therapy for patients with

Pitx2 deficiency seems promising, though its mechanism remains elusive[15, 25, 34]. To our

knowledge, this is the first systematic in silico study to improve our understanding of the

mechanism underlying Pitx2 deficiency induced AF by employing novel bio-physics based

multi-scale computer models. More specifically, we have developed and studied a family of

human atrial cellular models grouped by different levels of electrical remodelling due to Pitx2

deficiency, and at a single cell, 1D strand and 2D tissue level. Furthermore, we have included

structural remodelling (fibrosis and cell-to-cell coupling) into our modelling study as well.

The key findings of this study are twofold. Firstly, we found that shortened APD, elevated

RMP and slow conduction occur in LA cells with Pitx2 deficiency due to the identified remod-

elled vital channels. Notably, the elevated function of SERCA increases SR Ca2+ concentration,

thereby enhancing susceptibility to triggered activity. Furthermore, heterogeneity is further

elevated due to Pitx2 deficiency: 1) Electrical heterogeneity between RA and LA increases; and

2) Increased fibrosis and decreased cell-cell coupling due to structural remodelling slow

Fig 4. Simulated electrical (Vm) and calcium (Cai) waves in a 1D RA-LA strand. a, Simulated Vm and Cai waves in the drug-free settings (a) and

in the presence of 2 μM flecainide (b). Comparison of CV(c) and WL (d) of LA (black) versus RA (grey) strands in the drug-free settings. In the

presence of 2 μM flecainide, CV (e) and WL (f) are compared between RA and LA strands. The 1D strand contains 75 RA (#1-#75) cells and 75 LA

(#76-#150) cells. Electrical waves were elicited by an extra stimulus at the RA end and propagated from RA to LA. Blue arrows indicate spontaneous

delayed afterdepolarizations, triggered action potentials and calcium transients. Abbreviations: 1D –one-dimensional; RA–right atrium; LA–left

atrium; CV–conduction velocity; WL–Wavelength.

https://doi.org/10.1371/journal.pcbi.1007678.g004
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electrical propagation and provide obstacles to attract re-entry, facilitating the initiation of re-

entrant circuits. Secondly, our study suggests that the interaction of flecainide with RyR pre-

vents spontaneous calcium release and reduces VW (or increases WL), contributing to the effi-

cacy of the class Ic AADs. In contrast with existing studies, our study suggests that Na+

channel effect alone is insufficient to explain the effectiveness of flecainide. Additionally, the

introduction of flecainide fails to reverse the RA-to-LA electrical heterogeneity.

Fig 5. Simulated spontaneous ectopic activity and re-entry. a, A 500×500 square tissue model includes normal atrial myocytes, Pitx2-4 remodelled

LA cells, fibrosis, and gap junctions. Simulated spontaneous ectopic activity in the tissue model with 20% Pitx2-4 cells (b), with further increased

Pitx2-4 cells (c), with enhanced cell-to-cell uncoupling (d), with increased fibrosis (e), and with increased cell-to-cell uncoupling and fibrosis (f). Re-

entrant waves in the drug-free Pitx2-4 settings (g) and in the presence of 2 μM flecainide (h). Note: For the #1 scenario, the diffusion coefficient (D)

was set to be 100% and the ratio of normal cells, Pitx2-4 cells and fibrosis was set to be 80:20:0. For the #2 scenario, the number of Pitx2-4 cells was

increased to 40% and thereby the ratio of different cell types was 40:60:0. And D was set to be 100%. For the #3 scenario, D was reduced to 30% to

model cell-to-cell uncoupling and the ratio of different cell types was set to be 80:20:0. For the #4 scenario, fibrosis was increased to 2% and thereby

the ratio of different cell types was 78:20:2. And D was set to be 100%. For the #5 scenario, fibrosis was increased to 2% and D was reduced to 30%.

And the ratio of different cell types was 78:20:2.

https://doi.org/10.1371/journal.pcbi.1007678.g005
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Ionic basis of Pitx2 insufficiency-induced AP phenotype

Electrical remodelling due to Pitx2 insufficiency accounts for ectopic depolarizations[21, 24]

and abbreviated APs[14], contributing to AF, but the ionic mechanisms underlying these

changes in AP characteristics remain unclear. In the present study, we incorporated variations

in experimental data into four computer models (Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4). In

these models, the Pitx2-4 model took into account all identified regulators and best repre-

sented Pitx2 deficiency-induced electrical remodelling. Ionic mechanisms underlying Pitx2

insufficiency-induced AP phenotype in different Pitx2 models were investigated by incorpo-

rating each ionic remodelling into the control model and reversing each remodelled target sep-

arately in the Pitx2-4 model. Consistent with experimental data on Pitx2 insufficiency-induced

electrical remodelling[16, 19–21], remodelled targets considered in the Pitx2-4 model include

IK1, INa, ICaL, IKs, RyR and SERCA. In these remodelled targets, we observed that downregu-

lated IK1 resulted in a more positive RMP and a prolonged APD, upregulated INa contributed

to a high overshoot and dVdtmax, the IKs increase and (or) the ICaL decrease led to a reduction

in APD, and increased SR calcium load due to enhanced SERCA function caused triggered

APs. On the one hand, our simulated results support the notion that down-regulation of ICaL
and up-regulation of IKs are hallmarks of electrical remodelling in AF patients and mainly

cause APD shortening[35, 36]. On the other hand, our results demonstrate that enhanced

SERCA function can increase the incidence of spontaneous SR calcium release events, in line

with the experimental observation in AF patients[37, 38]. The calcium extrusion due to the

Table 2. A quantitative summary of electrophysiology characteristics.

Control Pitx2-1 Pitx2-2 Pitx2-3 Pitx2-4 Control+F Pitx2-1+F Pitx2-2+F Pitx2-3+F Pitx2-4+F

Cell RMP RA -79.89 -79.81 -79.87 -79.97 -79.86 -81.62 -81.59 -81.63 -81.77 -81.67

LA -80.97 -77.45 -82.05 -84.38 -83.23 -82.10 -78.90 -83.23 -85.94 -82.82

OS RA 24.25 24.23 24.24 24.29 24.25 24.15 24.14 24.16 24.23 24.20

LA 24.73 22.75 24.86 25.33 27.73 24.45 22.45 24.56 24.94 27.01

dVdtmax RA 205.7 205.3 205.6 206.0 205.7 205.6 205.5 205.6 206.2 205.9

LA 209.1 193.8 211.9 215.8 231.4 207.6 192.9 210.2 212.9 226.3

TA RA No No No No No No No No No No

LA No No No Yes Yes No No No No No

APD RA 292.5 292.7 292.0 290.6 291.5 358.9 359.1 358.3 356.8 357.5

LA 246.5 258.7 221.1 204.2 224.5 333.4 354.9 280.8 237.5 261.6

ΔAPD 46.0 34.0 70.9 86.4 67.0 25.5 4.2 77.5 119.3 95.9

1D CV RA 48.61 48.62 48.60 48.59 48.63 47.24 47.27 47.25 47.23 47.28

LA 48.48 34.56 33.27 33.01 35.59 47.22 33.46 32.45 32.25 34.53

ΔCV 0.13 14.06 15.33 15.58 13.04 0.02 13.81 14.8 14.98 12.75

WL RA 13.69 13.70 13.66 13.65 13.66 18.57 18.59 18.54 18.44 18.50

LA 11.49 8.571 7.087 6.735 7.295 17.11 13.36 9.791 7.887 9.641

ΔWL 2.2 5.129 6.573 6.915 6.365 1.46 5.23 8.749 10.553 8.859

TA No No No Yes Yes No No No No No

VWRA-LA 293.8–294.5 324.8–327.8 293.8–295.8 291.8–298.8 291.8–294.8 359.8–360.8 398.8–402.8 332.8–349.8 332.8–352.8 332.8–349.8

2D Re-entry - - - - Yes - - - - No

TA - - - - Yes - - - - No

Note: In order to evaluate the RA-to-LA electrical heterogeneity, VWRA-LA of unidirectional conduction block, an index to quantify the RA-to-LA electrical

heterogeneity, was quantified by varying the S1-S2 interval in the RA-to-LA strand model with 250 RA myocytes and the other 250 LA cells. The protocol included 10 S1

stimuli applied at the end of the RA part and an S2 stimulus applied at the end segment of the atrial strand.

https://doi.org/10.1371/journal.pcbi.1007678.t002
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spontaneous SR calcium release via INCX can contribute to phase-4 depolarizations. In addition

to the inward INCX due to enhanced SERCA function, the remodelled IK1 and INa modulate

RMP and membrane excitability[24], but our data and other studies[37, 38] suggest that trig-

gered APs are mainly due to SR calcium load resulted from enhanced SERCA function.

Role of remodelling under Pitx2-deficiency in arrhythmogenesis

Increased electrical heterogeneity between RA and LA due to down-regulated Pitx2 expression

implicated in the initiation and maintenance of re-entrant arrhythmias.[39] Since the ratio of

Pitx2 between LA and RA is 100:1 in the human atria,[10] we assumed that the extent of

remodelling after Pitx2 deletion is dependent on the amount of Pitx2. In this study, increased

electrical heterogeneity may result from the difference in Pitx2-induced remodelling between

LA and RA. In our study, we observed that electrical remodeling induced by Pitx2 deficiency

causes APD abbreviation and ectopic depolarizations in LA myocytes, but not in RA myocytes.

Thus, Pitx2 insufficiency can cause an elevated difference in electrical properties between RA

and LA cells, increasing repolarization dispersion in tissue and thereby susceptibility to the

development of re-entry[32, 40, 41]. Furthermore, Pitx2 deficiency can also cause LA struc-

tural remodeling by regulating cardiac structural genes, increasing electrical and structural

heterogeneity between the two atrial chambers. Finally, our computer simulation studies sug-

gest that the introduction of flecainide can suppress triggered activity but fail to reverse the

RA-to-LA electrical heterogeneity. The presence of increased fibrosis and decreased cell-to-

cell coupling under structural remodelling further facilitates slow conduction, WL abbrevia-

tion, triggered activity and the initiation of re-entrant drivers, increasing susceptibility to AF.

It is known that Pitx2-dependent network regulates cardiac structural genes (Gja1, Gja5 and

Dsp)[21] and Pitx2-induced structural remodeling leads to fibrosis and cell-cell uncoupling

[42]. Also, structural remodeling due to the left-sided Pitx2 expression increases the intrinsic

heterogeneity (i.e., CV and WL) between RA and LA, facilitating the development of re-entry

(Fig 6A).

Antiarrhythmic effects of flecainide

The class Ic AAD flecainide has antiarrhythmic effects on triggered activity by suppressing

spontaneous SR calcium release via RyR, and on re-entrant arrhythmia by prolonging WL in

Pitx2-induced AF. Population-based studies have established that the two SNPs, rs2200733

and rs10033464, from chromosome 4q25 near Pitx2 are associated with high incidence of AF

[25]. Furthermore, there exists evidence that carriers of the variant allele at rs10033646

respond favourably to class Ic AADs including flecainide. The possible mechanism, as Syeda

et al. suggest, is the inhibition of INa in the presence of flecainide, therefore increasing post-

repolarization refractory and suppressing arrhythmias in LA with Pitx2 deficiency.[15] Some

experimental studies also suggest that the interaction of flecainide with IKr and RyR plays an

important role[26, 30]. The precise antiarrhythmic mechanism of flecainide on Pitx2-induced

AF remains unsettled. In this study, our results provide novel mechanistic insights on the cru-

cial role of actions of flecainide on IKr and RyR in its antiarrhythmic effect. Our simulation

study suggests inhibition of INa alone in the presence of flecainide plays a minor role in sup-

pressing AF. It is known that the action of flecainide on RyR can suppress triggered activity,

for example, the previous studies on the flecainide therapy in catecholaminergic polymorphic

ventricular tachycardia.[22, 26] Furthermore, flecainide had antiarrhythmic effects on Pit-

x2-induced AF due to its action on IKr by prolonging WL, decreasing susceptibility of tissue to

re-entrant arrhythmias (Fig 6B).
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However, flecainide also had adverse effects in Pitx2-induced AF. On the one hand, both of

Pitx2-induced structural remodelling and the action of flecainide on INa can slow CV and facil-

itate re-entry. On the other hand, both of Pitx2-induced electrical remodelling and the actions

of flecainide on ion channels may increase the RA-to-LA electrical heterogeneity, promoting

APD dispersion and thereby unidirectional conduction block indexed by VWRA-LA[31, 32].

These findings support the notion that flecainide is not recommended in patients with struc-

tural heart disease due to high proarrhythmic risk based on the clinical findings[43]. Thus,

Fig 6. Mechanisms underlying Pitx2 deficiency-induced AF and ionic mechanisms of anti-arrhythmic effects of flecainide in AF patients

with Pitx2 down-regulation. a, Pitx2 regulates calcium handling genes Atp2a2, Ryr2 and Sln, electrical remodelling genes Scn5a, Kcnj2, Kcnj4,

Kcnj11, Kcnj12, Kcnq1 Cacna1d, Cacna2d2, and Cav1, and structural remodelling genes Gja1, Gja5 and Dsp. Pitx2 down-regulation in the LA

leads calcium handling abnormities, electrical remodelling and structural remodelling, contributing to APD abbreviation, slowed atrial conduction

and DAD, leading to AF triggers and substrates. b, Flecainide has block effects on RyR, INa and IKr. Flecainide can reduce spontaneous calcium

waves and triggered activity, and prolong the APD, thereby suppressing Pitx2 deficiency-induced AF. Abbreviations: AF–atrial fibrillation; LA–left

atrium; DAD–delayed afterdepolarization; APD–action potential duration; RyR–ryanodine receptor.

https://doi.org/10.1371/journal.pcbi.1007678.g006
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flecainide may be an effective antiarrhythmic drug for the treatment of Pitx2-induced AF

patients without the structural disease[42, 44, 45].

Limitations

Although the CRN model is based on human measurements, it cannot reproduce DADs due

to overloaded calcium in the SR[46]. Therefore, the CRN model was modified and validated to

generate our basal model (CRN-TPA) developed by our group[24]. In this study, the modified

Grandi model and the CRN-TPA model were chosen as they are able to reproduce human AP

morphology, triggered activity (S8 Fig and S2 Table), APD rate dependence and excitation

dynamics for studying re-entrant arrhythmias in human atrial tissue[24, 47, 48]. There are sev-

eral limitations special to this study here. Firstly, effects of Pitx2 insufficiency were assumed to

be qualitatively similar between human and animal atria. Furthermore, in agreement with an

experimental study[21] in which the extent of remodelling due to Pitx2 deletion was found to

be dependent on the amount of Pitx2 expression, the ratio of remodelling between LA and RA

was set to be 100:1. These assumptions warrant further investigations. Secondly, although we

predicted Pitx2-induced AF phenotypes, including DADs in LA myocytes and ectopic beats

and re-entry in LA tissues, these models do not explicitly represent subcellular calcium dynam-

ics to simulate calcium sparks and the effects of the drugs on them[37, 38]. These ectopic beats

in LA tissues were simulated by synchronizing LA cells and this protocol was based on experi-

mental studies showing that spontaneous calcium releases are synchronous and overcome

source-sink mismatch to generate focal arrhythmias in intact hearts[49–51]. Therefore, the

mechanisms underlying spatiotemporal synchronization of SR calcium release in atrial tissue

should be further explored. Thirdly, fibrosis was modelled as nonconducting tissue in this

study as consistent with our previous studies[52, 53] and others[54]. In contrast, fibrosis was

electrically coupled with healthy myocytes in some modelling studies[55]. Although different

methodologies were used to model fibrosis in the past, they all draw the similar conclusions

with regard to the role of fibrosis in AF[52, 56–58]. Finally, the precise spatial distribution of

Pitx2 throughout human atria was unknown, therefore the regional difference in the cellular

properties and remodelling was not investigated. Furthermore, we modelled atrial heterogene-

ity in the RA-LA tissue by considering the difference in IKr[28]. However, the ionic differences

between the RA and LA are more diverse [59, 60], and this intrinsic heterogeneity should be

considered. In addition, our idealized RA-LA tissue model did not include transition regions

between RA and LA, electrical properties of transition regions, realistic geometry of these sub-

regions, and fibre orientation. These limitations lead to a sharp transition between the RA and

LA in our idealized tissue model. Special attention should be paid to explain our simulated

results, and the effects of these factors on perpetuation and maintenance of re-entrant excita-

tion should be further investigated[52]. Therefore, how the Pitx2-dependent gene regulatory

network affects calcium homeostasis, intrinsic electrical heterogeneity, tissue structure, and

atrial rhythm provide opportunities for further studies.

Conclusions

Electrical and structural remodelling due to Pitx2 deficiency promoted arrhythmogenesis,

leading to the development of after-depolarizations and re-entrant excitation. Effects of the

class Ic AAD flecainide on AP morphology and tissue dynamics under Pitx2 deletion condi-

tions, particularly its interaction with RyR for preventing spontaneous calcium release, dem-

onstrated that flecainide is effective for the treatment of Pitx2-induced AF patients without

structural diseases. We expect that these and analogous efforts will contribute to improved

platforms for AF risk determination and therapeutic stratification.
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Supporting information

S1 Fig. Intracellular structures of the Courtemanche et al. model (CRN), our human atrial

(TPA) model and a new human atrial model (CRN_TPA) constructed by integrating the

calcium dynamics of our TPA model into the CRN model. The CRN_TPA model was devel-

oped by combining the calcium handling formulations from the TPA model and the trans-

membrane currents of the CRN model. The cell space includes a sub-cellular compartment

dyadic cleft (SS), the sarcoplasmic reticulum (SR), the cytoplasm and cell membrane.

(DOCX)

S2 Fig. Interactions of Class Ic AAD flecainide with ion channels. Dose-response for the

inhibitory effects of flecainide on INa, IKr, and RyR showed that IC50 values are 84±4 μM, 1.5

±0.1 μM, and 55±8 μM, respectively. Abbreviations: AAD–antiarrhythmic drug; RyR–ryano-

dine receptor; IC50 half-maximal inhibitory concentration.

(DOCX)

S3 Fig. Role of individual remodelled targets in the Pitx2 deficiency-induced atrial fibrilla-

tion. Effects of individual remodelled targets (IK1, INa, IKs, ICaL, RyR or SERCA) on AP (a),

RMP (b), overshoot (c), dVdtmax (d), APD (e) and CaSR (f). Effects of reversing remodelled

individual targets on key indicators (g-l). haBlue arrows indicate spontaneous delayed afterde-

polarization (DAD). Abbreviations: RyR–ryanodine receptor; SERCA–calcium transport

ATPase; AP–Action potential; RMP–resting membrane potential; dVdtmax–maximum

upstroke velocity; APD–action potential duration; CaSR–sarcoplasmic reticulum calcium con-

tent.

(DOCX)

S4 Fig. Antiarrhythmic effects of flecainide on action potentials (AP, Vm) of LA and RA

cells under control, Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4 conditions. a, Comparison of APs

of LA (red) versus RA (gray) cells in the presence of 2μM flecainide under control and four

Pitx2-deficiency conditions. The main AP parameters included RMP (b), overshoot (c),

dVdtmax (d) and APD (e). Within clinical dose (0.5~2 μM), flecainide reduced dVdtmax (f)

and prolonged APD (g). Abbreviations: LA–left atrium; RA–right atrium; Fle–flecainide;

RMP–resting membrane potential; dVdtmax–maximum upstroke velocity; APD–action

potential duration.

(DOCX)

S5 Fig. Antiarrhythmic effects of flecainide on electrical (Vm) and calcium (Cai) waves.

Compared with Vm and Cai waves in the drug-free Pitx2-4 settings (a), these waves in the

presence of 2 μM flecainide on targeting INa (b), on Ikr (c) and on RyR alone (d) respectively.

Blue arrows indicate spontaneous delayed afterdepolarizations, triggered action potentials and

calcium transients. Within clinical dose (0.5~2 μM), flecainide reduced CV (e) and prolonged

WL (f). Abbreviations: RyR–ryanodine receptor; CV–conduction velocity; WL–Wavelength.

(DOCX)

S6 Fig. Effects of fibrosis and cell-to-cell uncoupling on ectopic beats. a, Simulated sponta-

neous ectopic activity and re-entrant waves in the tissue model with increased fibrosis. b, Sim-

ulated ectopic activity and re-entrant waves in the tissue model with cell-to-cell uncoupling.

(DOCX)

S7 Fig. Vulnerable window (VW) of unidirectional block from premature stimulation.

Bidirectional conduction block, unidirectional conduction block and bidirectional conduction

in the drug-free Pitx2-4 settings (a) versus in the presence of 2 μM flecainide (b). VW under
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Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4 conditions in the drug-free Pitx2-4 settings (c) versus in

the presence of 2μM flecainide (d).

(DOCX)

S8 Fig. Simulated action potentials (AP) of left atrial (LA) and right atrial (RA) cells under

controls and Pitx2-induced remodelling conditions. At a pacing frequency of 2Hz, AP

under control, Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4 conditions. Black and grey markers were

used for LA and RA cells, respectively. Blue arrows indicate spontaneous delayed afterdepolar-

izations and triggered action potentials.

(DOCX)

S9 Fig. Effects of Pitx2-induced remodelling on action potential duration (APD) restitu-

tion properties. (a-e) APD restitution curves for control, Pitx2-1, Pitx2-2, Pitx2-3 and Pitx2-4

conditions. Black and grey markers were used for LA and RA cells, respectively. Abbreviations:

APD–action potential duration; DI–diastolic interval; LA–left atrial cell; RA–right atrial cell.

(DOCX)
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atrial myocytes from chronic atrial fibrillation patients enhancing I Ks and decreasing I Ca, L. Cardiovas-

cular research. 2015; 109(3):431–41. https://doi.org/10.1093/cvr/cvv280 PMID: 26714926

17. Bai J, Lu Y, Lo AC, Zhao J, Zhang H. Pitx2 upregulation increases the risk of chronic atrial fibrillation in

a dose-dependent manner by modulating IKs and ICaL–insights from human atrial modelling. Annals of

translational medicine. 2020;In Press.

18. Herraiz-Martı́nez A, Llach A, Tarifa C, Gandı́a J, Jiménez-Sabado V, Lozano-Velasco E, et al. The
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35. González de la Fuente M, Barana A, Gomez R, Amoros I, Dolz-Gaiton P, Sacristan S, et al. Chronic

atrial fibrillation up-regulates β1-adrenoceptors affecting repolarizing currents and action potential dura-

tion. Cardiovascular research. 2012; 97(2):379–88. https://doi.org/10.1093/cvr/cvs313 PMID:

23060133

36. Van Wagoner DR, Pond AL, Lamorgese M, Rossie SS, McCarthy PM, Nerbonne JM. Atrial L-type Ca2

+ currents and human atrial fibrillation. Circulation research. 1999; 85(5):428–36. https://doi.org/10.

1161/01.res.85.5.428 PMID: 10473672

37. Voigt N, Heijman J, Wang Q, Chiang D, Li N, Karck M, et al. Cellular and molecular mechanisms of atrial

arrhythmogenesis in patients with paroxysmal atrial fibrillation. Circulation. 2014; 129(2):145–56.

https://doi.org/10.1161/CIRCULATIONAHA.113.006641 PMID: 24249718

38. Voigt N, Li N, Wang Q, Wang W, Trafford A, Abu-Taha I, et al. Enhanced sarcoplasmic reticulum Ca2+

leak and increased Na+-Ca2+ exchanger function underlie delayed afterdepolarizations in patients with

chronic atrial fibrillation. Circulation. 2012; 125(17):2059–70. https://doi.org/10.1161/

CIRCULATIONAHA.111.067306 PMID: 22456474

39. Scridon A, Fouilloux-Meugnier E, Loizon E, Rome S, Julien C, Barrès C, et al. Long-standing arterial

hypertension is associated with Pitx2 down-regulation in a rat model of spontaneous atrial tachyarrhyth-

mias. Ep Europace. 2014; 17(1):160–5.

40. Li Z, Hertervig E, Yuan S, Yang Y, Lin Z, Olsson SB. Dispersion of atrial repolarization in patients with

paroxysmal atrial fibrillation. EP Europace. 2001; 3(4):285–91.

41. Aslanidi OV, Butters TD, Ren CX, Ryecroft G, Zhang H, editors. Electrophysiological models for the het-

erogeneous canine atria: computational platform for studying rapid atrial arrhythmias. 2011 Annual

International Conference of the IEEE Engineering in Medicine and Biology Society; 2011: IEEE.

42. Zhao J, Schotten U, Smaill B, Verheule S. Loss of Side-to-Side Connections Affects the Relative Contri-

butions of the Sodium and Calcium Current to Transverse Propagation between Strands of Atrial Myo-

cytes. Frontiers in physiology. 2018; 9.

43. Aliot E, Capucci A, Crijns HJ, Goette A, Tamargo J. Twenty-five years in the making: flecainide is safe

and effective for the management of atrial fibrillation. EP Europace. 2011; 13(2):161–73. https://doi.org/

10.1093/europace/euq382 PMID: 21138930

44. Hansen BJ, Zhao J, Csepe TA, Moore BT, Li N, Jayne LA, et al. Atrial fibrillation driven by micro-ana-

tomic intramural re-entry revealed by simultaneous sub-epicardial and sub-endocardial optical mapping

in explanted human hearts. European heart journal. 2015; 36(35):2390–401. https://doi.org/10.1093/

eurheartj/ehv233 PMID: 26059724

45. Kowalewski CA, Shenasa F, Rodrigo M, Clopton P, Meckler G, Alhusseini MI, et al. Interaction of Local-

ized Drivers and Disorganized Activation in Persistent Atrial Fibrillation: Reconciling Putative Mecha-

nisms Using Multiple Mapping Techniques. Circulation: Arrhythmia and Electrophysiology. 2018; 11(6):

e005846. https://doi.org/10.1161/CIRCEP.117.005846 PMID: 29884620

46. Fink M, Noble PJ, Noble D. Ca2+-induced delayed afterdepolarizations are triggered by dyadic sub-

space Ca2+ affirming that increasing SERCA reduces aftercontractions. American Journal of Physiol-

ogy-Heart and Circulatory Physiology. 2011; 301(3):H921–H35. https://doi.org/10.1152/ajpheart.

01055.2010 PMID: 21666112

47. Bai J, Wang K, Liu Y, Li Y, Liang C, Luo G, et al. Computational cardiac modeling reveals mechanisms

of ventricular arrhythmogenesis in long QT syndrome type 8: CACNA1C R858H mutation linked to ven-

tricular fibrillation. Frontiers in physiology. 2017; 8:771. https://doi.org/10.3389/fphys.2017.00771

PMID: 29046645

48. Bai J, Yin R, Wang K, Zhang H. Mechanisms underlying the emergence of post-acidosis arrhythmia at

the tissue level: A theoretical study. Frontiers in physiology. 2017; 8:195. https://doi.org/10.3389/fphys.

2017.00195 PMID: 28424631

49. Kim JJ, Němec J, Li Q, Salama G. Synchronous systolic subcellular Ca2+-elevations underlie ventricu-

lar arrhythmia in drug-induced long QT type 2. Circulation: Arrhythmia and Electrophysiology. 2015; 8

(3):703–12.

50. Sato D, Xie L-H, Sovari AA, Tran DX, Morita N, Xie F, et al. Synchronization of chaotic early afterdepo-

larizations in the genesis of cardiac arrhythmias. Proceedings of the National Academy of Sciences.

2009; 106(9):2983–8.

The mechanisms underlying AF due to impaired Pitx2

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007678 February 25, 2020 21 / 22

https://doi.org/10.1016/j.bpj.2012.06.007
https://doi.org/10.1016/j.bpj.2012.06.007
http://www.ncbi.nlm.nih.gov/pubmed/22853915
https://doi.org/10.1093/cvr/cvr078
http://www.ncbi.nlm.nih.gov/pubmed/21427120
https://doi.org/10.1093/cvr/cvs313
http://www.ncbi.nlm.nih.gov/pubmed/23060133
https://doi.org/10.1161/01.res.85.5.428
https://doi.org/10.1161/01.res.85.5.428
http://www.ncbi.nlm.nih.gov/pubmed/10473672
https://doi.org/10.1161/CIRCULATIONAHA.113.006641
http://www.ncbi.nlm.nih.gov/pubmed/24249718
https://doi.org/10.1161/CIRCULATIONAHA.111.067306
https://doi.org/10.1161/CIRCULATIONAHA.111.067306
http://www.ncbi.nlm.nih.gov/pubmed/22456474
https://doi.org/10.1093/europace/euq382
https://doi.org/10.1093/europace/euq382
http://www.ncbi.nlm.nih.gov/pubmed/21138930
https://doi.org/10.1093/eurheartj/ehv233
https://doi.org/10.1093/eurheartj/ehv233
http://www.ncbi.nlm.nih.gov/pubmed/26059724
https://doi.org/10.1161/CIRCEP.117.005846
http://www.ncbi.nlm.nih.gov/pubmed/29884620
https://doi.org/10.1152/ajpheart.01055.2010
https://doi.org/10.1152/ajpheart.01055.2010
http://www.ncbi.nlm.nih.gov/pubmed/21666112
https://doi.org/10.3389/fphys.2017.00771
http://www.ncbi.nlm.nih.gov/pubmed/29046645
https://doi.org/10.3389/fphys.2017.00195
https://doi.org/10.3389/fphys.2017.00195
http://www.ncbi.nlm.nih.gov/pubmed/28424631
https://doi.org/10.1371/journal.pcbi.1007678


51. Myles RC, Wang L, Kang C, Bers DM, Ripplinger CM. Local β-adrenergic stimulation overcomes

source-sink mismatch to generate focal arrhythmia. Circulation research. 2012; 110(11):1454–64.

https://doi.org/10.1161/CIRCRESAHA.111.262345 PMID: 22539768

52. Zhao J, Hansen BJ, Wang Y, Csepe TA, Sul LV, Tang A, et al. Three-dimensional Integrated Func-

tional, Structural, and Computational Mapping to Define the Structural “Fingerprints” of Heart-Specific

Atrial Fibrillation Drivers in Human Heart Ex Vivo. Journal of the American Heart Association. 2017; 6

(8):e005922. https://doi.org/10.1161/JAHA.117.005922 PMID: 28862969

53. Hansen BJ, Zhao J, Li N, Zolotarev A, Zakharkin S, Wang Y, et al. Human atrial fibrillation drivers

resolved with integrated functional and structural imaging to benefit clinical mapping. JACC: Clinical

Electrophysiology. 2018; 4(12):1501–15. https://doi.org/10.1016/j.jacep.2018.08.024 PMID: 30573112

54. Kazbanov IV, Ten Tusscher KH, Panfilov AV. Effects of heterogeneous diffuse fibrosis on arrhythmia

dynamics and mechanism. Scientific reports. 2016; 6:20835. https://doi.org/10.1038/srep20835 PMID:

26861111

55. Clayton R. Dispersion of Recovery and Vulnerability to Re-entry in a Model of Human Atrial Tissue With

Simulated Diffuse and Focal Patterns of Fibrosis. Frontiers in physiology. 2018; 9:1052. https://doi.org/

10.3389/fphys.2018.01052 PMID: 30131713

56. Morgan R, Colman MA, Chubb H, Seemann G, Aslanidi OV. Slow conduction in the border zones of pat-

chy fibrosis stabilizes the drivers for atrial fibrillation: insights from multi-scale human atrial modeling.

Frontiers in physiology. 2016; 7:474. https://doi.org/10.3389/fphys.2016.00474 PMID: 27826248

57. McDowell KS, Zahid S, Vadakkumpadan F, Blauer J, MacLeod RS, Trayanova NA. Virtual electrophysi-

ological study of atrial fibrillation in fibrotic remodeling. PloS one. 2015; 10(2):e0117110. https://doi.org/

10.1371/journal.pone.0117110 PMID: 25692857

58. Vandersickel N, Watanabe M, Tao Q, Fostier J, Zeppenfeld K, Panfilov AV. Dynamical anchoring of dis-

tant arrhythmia sources by fibrotic regions via restructuring of the activation pattern. PLoS computa-

tional biology. 2018; 14(12):e1006637. https://doi.org/10.1371/journal.pcbi.1006637 PMID: 30571689

59. Colman MA, Aslanidi OV, Kharche S, Boyett MR, Garratt C, Hancox JC, et al. Pro-arrhythmogenic

effects of atrial fibrillation-induced electrical remodelling: insights from the three-dimensional virtual

human atria. The Journal of physiology. 2013; 591(17):4249–72. https://doi.org/10.1113/jphysiol.2013.

254987 PMID: 23732649

60. Aslanidi OV, Colman MA, Stott J, Dobrzynski H, Boyett MR, Holden AV, et al. 3D virtual human atria: a

computational platform for studying clinical atrial fibrillation. Progress in biophysics and molecular biol-

ogy. 2011; 107(1):156–68. https://doi.org/10.1016/j.pbiomolbio.2011.06.011 PMID: 21762716

The mechanisms underlying AF due to impaired Pitx2

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007678 February 25, 2020 22 / 22

https://doi.org/10.1161/CIRCRESAHA.111.262345
http://www.ncbi.nlm.nih.gov/pubmed/22539768
https://doi.org/10.1161/JAHA.117.005922
http://www.ncbi.nlm.nih.gov/pubmed/28862969
https://doi.org/10.1016/j.jacep.2018.08.024
http://www.ncbi.nlm.nih.gov/pubmed/30573112
https://doi.org/10.1038/srep20835
http://www.ncbi.nlm.nih.gov/pubmed/26861111
https://doi.org/10.3389/fphys.2018.01052
https://doi.org/10.3389/fphys.2018.01052
http://www.ncbi.nlm.nih.gov/pubmed/30131713
https://doi.org/10.3389/fphys.2016.00474
http://www.ncbi.nlm.nih.gov/pubmed/27826248
https://doi.org/10.1371/journal.pone.0117110
https://doi.org/10.1371/journal.pone.0117110
http://www.ncbi.nlm.nih.gov/pubmed/25692857
https://doi.org/10.1371/journal.pcbi.1006637
http://www.ncbi.nlm.nih.gov/pubmed/30571689
https://doi.org/10.1113/jphysiol.2013.254987
https://doi.org/10.1113/jphysiol.2013.254987
http://www.ncbi.nlm.nih.gov/pubmed/23732649
https://doi.org/10.1016/j.pbiomolbio.2011.06.011
http://www.ncbi.nlm.nih.gov/pubmed/21762716
https://doi.org/10.1371/journal.pcbi.1007678

