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Mechanisms underlying pro-arrhythmic abnormalities arising
from Pitx2-induced electrical remodelling: an in silico intersubject
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Yijie Zhu', Jieyun Bai'*, Andy Lo’, Yaosheng Lu', Jichao Zhao’

'Department of Electronic Engineering, College of Information Science and Technology, Jinan University, Guangzhou, China; *Auckland
Bioengineering Institute, University of Auckland, Auckland, New Zealand

Contributions: (I) Conception and design: Y Zhu, J Bai, ] Zhao; (II) Administrative support: J Bai, Y Lu; (III) Provision of study materials or patients:
J Bai; (IV) Collection and assembly of data: Y Zhu, J Bai; (V) Data analysis and interpretation: Y Zhu, J Bai; (VI) Manuscript writing, reviewing and
revising: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Jieyun Bai, PhD; Yaosheng Lu, PhD. Department of Electronic Engineering, College of Information Science and Technology,
Jinan University, 601 Huangpu Avenue West, Guangzhou, China. Email: bai_jieyun@126.com; tluys@jnu.edu.cn.

Background: Electrical remodelling as a result of the homeodomain transcription factor 2 (Pitx2)-
dependent gene regulation induces atrial fibrillation (AF) with different mechanisms. The purpose of this
study was to identify Pitx2-induced changes in ionic currents that cause action potential (AP) shortening and
lead to triggered activity.

Methods: Populations of computational atrial AP models were developed based on AP recordings from
sinus rhythm (SR) and AF patients. Models in the AF population were divided into triggered and untriggered
AP groups to evaluate the relationship between each ion current regulated by Pitx2 and triggered APs.
Untriggered AP models were then divided into shortened and unshortened AP groups to determine which
Pitx2-dependent ion currents contribute to AP shortening.

Results: According to the physiological range of AP biomarkers measured experimentally, populations
of 2,885 SR and 4,781 AF models out of the initial pool of 30,000 models were selected. Models in the
AF population predicted AP shortening and triggered activity observed in experiments in Pitx2-induced
remodelling conditions. The AF models included 925 triggered AP models, 1,412 shortened AP models
and 2,444 unshortened AP models. Intersubject variability in Iy, and I, primarily modulated variability in
AP duration (APD) in all shortened and unshortened AP models, whereas intersubject variability in Ix; and
SERCA mainly contributed to the variability in AP morphology in all triggered and untriggered AP models.
The incidence of shortened AP was positively correlated with Iy, and I, and was negatively correlated with
Iy, Lo, and SERCA, whereas the incidence of triggered AP was negatively correlated with Iy, and I; and was
positively correlated with Iy, I, and SERCA.

Conclusions: Electrical remodelling due to Pitx2 upregulation may increase the incidence of shortened AP,

whereas electrical remodelling arising from Pitx2 downregulation may favor to the genesis of triggered AP.
Keywords: Electrical remodelling; atrial fibrillation (AF); Pitx2; triggered activity; mathematical modelling
Submitted Aug 03, 2020. Accepted for publication Oct 30, 2020.

doi: 10.21037/atm-20-5660
View this article at: http://dx.doi.org/10.21037/atm-20-5660

A ORCID: 0000-0002-2847-350X.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2021;9(2):106 | http://dx.doi.org/10.21037/atm-20-5660


https://crossmark.crossref.org/dialog/?doi=10.21037/atm-20-5660

Page 2 of 17

Introduction

Genome-wide association studies have identified genetic
variants associated with atrial fibrillation (AF) populations,
with the strongest hits clustering on chromosome 4q25,
close to the gene for the homeodomain transcription factor
2 (Pitx2) (1). Both under- and overexpression of Pitx2
mRNA have been found to be associated with AF (2,3).
In addition, the study of Syeda et a/. (4) has demonstrated
a Pitx2 mRNA gradient in AF patients requiring AF
ablation. Hypertensive rats also have shown an age-
dependent decrease of left atrial Pitx2 expressions and the
age-dependency of spontaneous atrial tachyarrhythmias,
indicating an association between left atrial Pitx2 down-
regulation and increased atrial arrhythmogenicity (5).
Therefore, mRNA expression levels of Pitx2 might provide
information on variability in AF risk.

Linking mRNA changes of membrane effector genes
regulated by Pitx2 to action potential (AP) alterations might
favor the understanding of mechanisms of AF promotion
due to atrial cellular electrophysiological remodelling
arising from the variability of Pitx2 (6). Experimental
studies have shown that Pitx2 regulated several ion channels
(including sodium channel gene Scn5a, calcium channel
gene Cacnalc, and potassium channel genes Kenql and
Kcnj2) and calcium handling genes (including Ryr2 and
Atp2a2) in mutant Pitx2 models (3,4,7,8). Although
AP duration (APD) shortening (9), depolarized resting
membrane potential (RMP) (4) and triggered activity (8,10)
were observed, the ionic and cellular mechanisms may be
different because mRINA expression levels might vary with
circadian rhythm (11,12), gender differences (13-15) and
spatial location within the heart (16).

Both experimental and theoretical studies of the
mechanisms underlying Pitx2-induced AF often ignored
intersubject variability in atrial electrophysiology properties
(2-4,7-10,17-21). Recently, experimentally reported
variability was incorporated into mathematical models
of biological systems to develop a population of models
for investigating cellular electrophysiology (22,23). This
approach aimed to provide a new framework to link
molecular mechanisms to cellular-level outputs by revealing
unique subsets of model parameters linked to known
phenotypes of human atrial myocytes (23-28). Simulation
studies using populations of models allow exploring
potential causes and implications of the cell level variability
exhibited in experimental recordings (23,29).

Thus, the equations proposed in the recent human atrial
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cellular kinetics model (TPA) (20) were considered as the
model structure to generate over 30,000 candidate models,
all sharing the same equations as in the original TPA model,
but with different parameter values for the ionic properties
associated with Pitx2 regulation, randomly selected
within a wide range. The TPA model population was then
calibrated using a set of cellular biomarkers extracted
from experimental AP recordings [from sinus rhythm (SR)
and AF patients] (23) to capture key AP properties. The
experimentally calibrated human atrial AP models in the AF
population were divided into triggered and untriggered AP
groups which then divided into shortened and unshortened
AP groups. Differences between triggered and untriggered
AP models were used to quantify the contribution of
specific ionic currents to determining intersubject variability
in cellular human atrial AP morphology. The shortened and
unshortened AP models were then used to identify the ionic
mechanisms determining intersubject variability in human
atrial APD. Here, we specifically showed that the calibrated
cell model population quantitatively predicts triggered
activity and AP shortening caused by Pitx2-induced
electrical remodelling. The tools may be applied for in silico
screening and prediction of drug effects in Pitx2-induced
AF patients.

We present the following article in accordance with
the MDAR reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-5660).

Methods

Mathematical models of the buman atrial cell and Pitx2-
induced remodelling

The TPA model developed by our group was chosen as a
base to construct the computational AP model populations
as it is able to reproduce human AP morphology,
APD rate dependence and triggered activity, i.e., early
afterdepolarizations (EADs), delayed afterdepolarizations
(DADs) and spontaneous depolarizations (20). This
biophysically-detailed model of human atrial cellular
electrophysiology also has been used to investigate
mechanisms underlying Pitx2-induced AF (17-20,30,31)
and here we provide a brief description. It includes
representation of the 13 transmembrane ionic currents
and two main intracellular calcium flows, including fast
sodium current (I,), transient outward potassium current
(1), rapid delayed rectifier potassium current (Iy,), slow
delayed rectifier potassium current (Iy), ultrarapid delayed
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rectifier potassium current (Iy,,), inward rectifier potassium
current (Iy,), L-type calcium current (I.,.), background
sodium current (Iy,,), background calcium current (I,,),
plateau potassium current (I,x), plateau calcium current (I,,),
sodium-potassium pump current (Iy,x), sodium-calcium
exchange current (Iycy), the calcium flow (7,,) through
the sarcoplasmic reticulum calcium ATPase (SERCA)
and calcium release flow (7,,). mRNA expression data
(3,4,7,8,10) are used to determine directions of changes

Table 1 Parameters associated with the homeodomain transcription
factor 2 (Pitx2)-dependent gene regulatory network (3,4,7,8)

Regulation in Pitx2-

Gene Current Parameter induced AF
Scn5a Ina Ga T
Cacnalc leal GeaL l
Keng1 Is Cis T
Kenj2 ks Gii !
Ryr2 RyR2 (J.o) Grol 1
Atp2a2 SERCA2 (J,,) Gy 1

Ivas fast sodium current; I, slow delayed rectifier potassium
current; |y, inward rectifier potassium current; I, , L-type calcium
current; J,,, calcium flow through the sarcoplasmic reticulum
calcium ATPase (SERCA); J,, calcium release flow through
ryanodine receptors (RyR); Gy., maximum conductance of l,; Gy,
maximum conductance of ly;; Gk, Maximum conductance of ly;
Ga, maximum conductance of I, ; G,, maximum conductance
of J.4; Gip, maximum conductance of J,.

A Cellular model

Inex Inak
Pitx2-induced AF: increased and decreased
currents sampled for population of models
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in ionic conductances in SR versus Pitx2-induced AF
cardiomyocytes, as summarized in Table 1. Pitx2-induced
electrical remodelling included an increase in I, Iy, 7., and
Ju» and a reduction in Iy, and I, (Figure 1A).

Experimental data and biomarkers

For our experimental dataset, AP recordings from n=254
right atrial appendages of N=214 SR patients and from
n=215 right atrial appendages of N=149 AF patients,
were published in the previous study (23). In the previous
experimental study, right atrial appendages were obtained
when patients were undergoing cardiac surgery for coronary
artery bypass grafting or mitral/aortic valve replacement.
Antiarrhythmic drugs were discontinued before the study.
Human myocytes were isolated enzymatically from atrial
appendages as previously described (32) and APs were
recorded with standard intracellular microelectrodes in
atrial trabeculae (33,34). Bath solution contained (in mM):
NaCl 127, KClI 4.5, MgCl, 1.5, CaCl, 1.8, glucose 10,
NaHCO; 22, NaH,PO, 0.42, equilibrated with O,-CO,
[95:5] at 36.5+0.58 °C, pH 7.4. Preparations were regularly
stimulated at 1 Hz for at least 1 h before data acquisition
(33,34). The following parameters were quantified to
characterize intersubject variability in human atrial AP:
action potential amplitude (APA), maximum upstroke
velocity (dVdt,,,), RMP, and APD at 20% (APD,,), 50%
(APDjsy) and 90% (APDy) (Figure 1B). Minimum, maximum
and mean + standard deviation values for these biomarkers

B Action potential biomarkers

dVdtax

S
> ‘
T
g
AW 0g

100 ms
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APDas RMP
v

Figure 1 Parameters related to Pitx2-induced electrical remodelling and biomarkers of the action potential. (A) Modifications to the Bai

model for simulating atrial fibrillation due to Pitx2-induced electrical remodelling are depicted in red and blue circles (18,20); (B) action

potential biomarkers: action potential amplitude (APA), maximum upstroke velocity (dVdt,,,), resting membrane potential (RMP), and
action potential duration at 20% (APD,), 50% (APDj,) and 90% (APDy).
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Table 2 Minimum and maximum values of action potential
biomarkers in sinus rhythm (SR) versus atrial fibrillation (AF)
patients (23)

Biomarkers SR AF

APA 75 to 120 (95+7) 80 to 130 (102+8)
dvdt,. 40 to 420 (220+68) 40 to 420 (232+70)
RMP -85 to —65 (—-74+4) -85 to —65 (—-77+4)
APD,, 1to 60 (7+8) 110 75 (30+18)
APDy, 6 to 200 (139+44) 30 to 200 (102+28)
APDy, 190 to 440 (318+42) 140 to 330 (216+35)

Values are ranges with means + SD in biomarkers. APA, action
potential amplitude; dVdt,.,, maximum upstroke velocity; RMP,
resting membrane potential; APD,,, APDy, and APDy,, action
potential duration at 20%, 50% and 90%, respectively.

are presented in Tzble 2. More information (including
ethics approval, informed consent and basic information of
participants) regarding the experimental conditions under
which the data were collected is available in the study of
Sanchez et al. (23).

Construction of populations of models of buman atrial
electrophysiology

To capture intersubject variability, populations of sampled
models of human atrial electrophysiology for both SR and
AF were generated based on the original TPA model. All
models in each population shared the same equations but
parameters of ionic current conductances in determining
the human atrial AP were varied with respect to their
original values. These parameters were sampled over a
range from -100% to +200% of their original values with
the Latin hypercube sampling (LHS) methodology (22)
to create 30,000 candidate models that were sufficient for
convergence of the sensitivity coefficients for both SR and
AF model populations (22). Following the ASME V&V40
Standard proposed by the Subcommittee of the American
Society of Mechanical Engineers (ASME) on Verification
and Validation (V&V) in Computational Modeling of
Medical Devices (35) for developing a structured approach
for establishing the credibility of computational models for
a specific use, we used the candidate models to simulate
human atrial AP by considering stimulation frequency
(1 Hz) under the experimental conditions (23) and calculate
AP biomarkers of each candidate model. The candidate
models generated in the previous step were selected
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to constitute SR and AF populations whose simulated
electrophysiological properties are in range with the same
properties in experimental data on AP biomarkers (including
APA, dVdt,,,, RMP, APD,,, APDy,and APDy) in Table 2.
This step yields the experimentally-calibrated population
of models. The impact of intersubject variability in the
6 Pitx2-induced remodelled targets (2-5,7-10,21) was
evaluated using these models in the AF population. These
models firstly were divided into triggered and untriggered
AP groups to identify the main ion channel conductances
involved in the genesis of triggered activity. Triggered
patterns were identified when a positive derivative of the
membrane potential (36) or a deflection of the membrane
potential larger than 1 mV during the diastolic phase (37)
was observed. Then, the models in the untriggered AP
group were divided into shortened and unshortened AP
groups to examine the contribution of each remodelled
target to the APD shortening (Figure 2). Shortened patterns
were identified when APDy, of the untriggered AP model
in the AF population is smaller than that of the AP model
in the SR population. In detail, shortened AP patterns
were identified when their APD,, is within the range
(140-330 ms) of AF data but not within the range
(190-440 ms) of SR (Tuble 2).

Stimulation protocols

The stimulation protocol mimics the one used by Sinchez
et al. (23) to obtain AP measurements in SR and AF
cardiomyocytes. Cell mathematical models were initially
preconditioned by pacing at a basic cycle length of 1,000
ms until the steady-state was reached. A stimulus with an
amplitude of -80 pA/cm’ and a duration of 0.5 ms is applied
at each pace.

Statistical analysis, software, numerical methods and code
availability

"To quantify the relative importance of ionic conductances in
determining changes in the biomarkers, partial correlation
coefficients (PCCs) were used on the SR and AF populations
to evaluate the role of each ionic current on properties of
the whole AP (22). Partial correlation is a method to find
correlations between two variables, after accounting for the
linear effects of one or more additional variables (38). PCC
between x and y, given the set of N additional variables z,
is then defined as the correlation coefficient between the
residuals 7, =x—% and 7, =¥—JV (22). # and J are the
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lonic properties

254 AP recordings
from 214 SR patients

Calibration based
on SR ranges

Experimentally-calibrated
population of SR models

Selection based on the
ranges of APD biomarkers
of SR models

Unshorten AP group

Parameter randomization with the LHS
methodology (from -100% to +200%)

The initial population of 30,000
mathematical models
(APA, dVdt;ns,, RMP, APD3,, APDso and APDgp )

Untriggered AP group
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Baseline model
(TPA model of human atrial cellular
electrophysiology)

215 AP recordings
From 149 AF patients

Calibration based
on AF ranges

Experimentally-calibrated
population of AF models

Triggered activity occurs
in these models

Triggered AP group

Shorten AP group

Insights into ionic mechanisms underlying Pitx2-induced APD shortening and
triggered activity
(Sensitivity analysis of remodelled targets regulated by Pitx2)

Figure 2 Flow chart illustrating the process behind investigating the proarrhythmic effects of Pitx2-induced electrical remodelling. TPA

model: a recent human atrial cellular kinetics model developed by our group (20); AP, action potential; APD, AP duration; SR, Sinus rhythm;

AF, atrial fibrillation; Pitx2, the homeodomain transcription factor 2.

respective sample means or the following linear regression
models:

X=c,+ ﬁ:c,.z,. and y=b,+ ib,.zi (1]
i=1 i=1
Cov(rx , ry)

Var(rx)Var(ry) 2]
where Cov(r,r,) represents the covariance between 7, and r,,
while Var(r,) and Var(r,) are respectively the variance of r,

PPC(x,y,zi) =

and variance of 7.

"To evaluate Pitx2-induced remodelled targets influencing
arrhythmia proclivity, listic regression was applied to study
the mechanisms responsible for the development of tggered
activity and AP shortening (39). Statistical significance in
differences on ionic conductance distributions between
populations was evaluated by using the Mann-Whitney
U test. A probability <0.05 was considered statistically
significant.

Previous studies have shown that changes in Pitx2 levels
lead to electrical remodelling linked to arrhythmogenesis (2)
and that Pitx2 regulates membrane effector genes associated
with the electrical remodelling in a dose-dependent manner

© Annals of Translational Medicine. All rights reserved.

(3,7,8). Therefore, we assumed that changes in the Pitx2
level are translated to the extent of electrical remodelling
(including Gy,, Gy, Gy;, Geu, G,q and G,,) (3,7,8). The
correlation of the Pitx2 levels with the different AF models
developed based on Pitx2-induced electrical remodelling was
built by evaluating the contribution of remodelled targets
(including Gy, Gy, Gx;, Geur, G,y and G,) to the changes in
APs (including unshortened AP, shortened AP and triggered
AP). The extent of electrical remodelling was quantified with
weights of remodelled targets for classification of different
AF subgroups (unshortened, shortened and triggered
groups). Here, we used the AF models (as output) and the
corresponding remodelled parameters (as input) to train
the artificial neural network (40) to determine the weights
of remodelled parameters. Based on the correlation of the
Pitx2 levels with remodelled parameters observed in previous
studies (3,4,7,8,41) and the correlation of remodelled
parameters with changes in APs, the correlation of the Pitx2
levels with different AF models was built.

All simulations and data analyses were performed on a
computing cluster with Intel(R) Xeon(R) CPU E5-2690 v4
@ 2.60GHz 32 CPUs 28 CPUs (56 threads) + 128GB. The
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Figure 3 The experimentally calibrated populations of human atrial cell models for sinus rhythm (SR) and atrial fibrillation (AF). (A)
Representative traces of action potential (AP) models; (B) distributions of AP biomarkers (including APA, dVdt,,,,, RMP, APD,,, APDj, and

APDy).

mathematical model (available from the repository CellML
http://models.cellml.org/workspace/520) was implemented
in MATLAB 2018a (The MathWorks, Natick, MA, USA)
using the stiff ordinary differential equation solver odel3s
and analysis of biomarkers was also performed using
MATLAB. Our user project containing newly created
datasets and the simulation codes used in this study is
available to download from the GitHub website (https://
github.com/aspirerabbit).

Results
The main ballmarks of the buman Pitx2-induced AF
electrophysiological pbhenotype

As a result of the experimentally driven calibration, the
human atrial SR and AF populations respectively consist of
2,885 and 4,781 models, qualitatively and quantitatively in
agreement with the experimental recordings, accounting

© Annals of Translational Medicine. All rights reserved.

for biological variability. Figure 34 shows representative
AP traces obtained in simulations using the restricted range
of variability obtained with the experimentally calibrated
SR and AF populations (7zble 2). This AF population
reproduced the AF electrophysiological phenotypes, as
shown by the AF biomarkers comparison in Figure 3B. In
agreement with the experiments (4,8,9) and simulations (17-
20,30,31), AF models are characterized by shortened AP
(APDs;and APD), depolarized RMP, increased upstroke
velocity (dVdt,,,), slightly increased APA and triggered
activity. Within the AF population, approximately 19%
of the models exhibit repolarization abnormalities, AP
biomarkers of these models are not considered for the
biomarkers comparison presented above, and are analyzed
in detail below.

To investigate ionic properties of human atrial cells
contribute to changes in AP biomarkers, PPCs were
used to quantify correlations between the parameter
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values associated with Pitx2-induced remodelling and AP
biomarkers of each model in the populations, as shown in
Figure 4A4,B. Tonic mechanisms underlying changes in AP
biomarkers are similar in the SR population versus the AF
population. APD,, RMP and dVdg,,, are correlated and are
primarily determined by I, Ix; and Iy,. Compared with the
SR population, the AP properties in the Pitx2-induced AF
population are primarily favored by upregulated I, and 7,
and downregulated Iy, (P<0.001) (Figure 4C).

ipy

Role of Pitx2-induced remodelled currents on triggered
activity mechanisms

Models in the AF population (including 4,781 models)
were divided into triggered and untriggered AP groups.
Representative in silico AP traces from triggered
(925 models) and untriggered (3,856 models) AP subgroups
are presented in Figure 5A,B. In order to identify the
main ion channel conductivities involved in the genesis of
triggered activity, the 6 modified conductances associated
with Pitx2-induced electrical remodelling were compared
between the groups of models exhibited triggered versus
untriggered APs. Regression coefficients were used
to quantify correlations between the parameter values
associated with Pitx2-induced remodelling and the genesis
of triggered APs, as shown in Figure SC. The inducibility
of triggered APs is negatively correlated with potassium
conductances (including Iy, and Iy) and is positively
correlated with calcium conductances (including I, and
7., respectively. Although these five parameters (Iy,, Ix;, I,
I¢,; and 7,,) present significant differences between groups
(P<0.001) (Figure 5D), only directions of changes in Iy,, Ix;
and 7, are consistent with the Pitx2-dependent regulation
of these currents, as summarized in Zable 1.

To further explore the two main Pitx2-induced remodeled
cellular components (I, and 7,,) that contribute to triggered
activity, additional simulations were performed artificially
impeding downregulated Iy, and (or) upregulated 7,,. Under
the basal condition (Black lines), when including either Iy,
down-regulation, 7,
both, the depolarized RMP increases much faster during
the resting phase, and spontaneous depolarizations are
observed, respectively (Figure 64,B,C,D). When RMP

was reduced by increasing Iy, (Red lines), spontaneous

up-regulation, or a combination of

depolarizations in the scenario including Ix; down-regulation
are suppressed (Figure 6B), whereas a DAD is induced
in the scenario including 7,, up-regulation (Figure 6C).
Therefore, the genesis of spontaneous depolarizations is
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primarily favored by low Iy, and secondarily by high 7,,.
High 7, also contributes to the development of DAD:s.

Role of Pitx2-induced remodelled currents on AP
shortening mechanisms

By considering the physiological range of AP biomarkers of
the SR population, the shortened AP models were selected
from 3,856 untriggered AP models in the AF population.
Representative AP traces from unshortened (2,444 models)
and shortened (1,412 models) AP groups show the main
differences between the two populations (Figure 7A4,B).
Regression coefficients were used to quantify correlations
between the parameter values associated with Pitx2-induced
remodelling and AP shortening, as shown in Figure 7C.
AP shortening is negatively correlated with I, and
positively correlated with Iy, respectively. Iy,, Ic,., Iy and 7.,
present significant differences between groups (P<0.001)
(Figure 7D), but directions of changes in I, Iy, and 7, are
consistent with the Pitx2-dependent regulation of these
currents, as summarized in Table 1.

The correlation of Pitx2-induced remodelling with
different AF models

By using the artificial neural network, we got the weights
of six remodelled parameters for classifying AF models
(including shortened and triggered AP two categories)
(Figure 8). For the shortened AP category, weights of
Gy, and Gy, are negative and weights of Gy,, G¢,. and G,
are positive, indicating the incidence of shortened AP is
positively correlated with Gy, and Gy, and is negatively
correlated with Gy,, G, and G,,. In contrast, for the
triggered AP category, weights of Gy, and Gy, are positive
and weights of Gy,, G, and G,,

weights of G, for shortened AP and triggered AP categories

are negative. In addition,

are positive. In detail, the values of weights of different
remodelled targets can be found in 7able 3.

Discussion
Major findings

In the present study, we have built populations of human
atrial cell models to investigate the potential of mRNA
expression levels regulated by the Pitx2-dependent network
to predict Pitx2-induced electrical remodelling in AP, as
measured experimentally (4,8,9). Our population-based

Ann Transl Med 2021;9(2):106 | http://dx.doi.org/10.21037/atm-20-5660



Page 8 of 17 Zhu et al. Mechanisms underlying Pitx2-induced atrial fibrillation

A APD,, B APD,,
1.0 1.04
8 0.5 8 0.5
o 0.0 1--_f o 0.0 1--_f
0.5 = 0.5 ==
1.0 APDs, 1.0 APDy,
8 0.5 8 0.5
o 0.01 o 0.01
0.5 -0.5
1.0 APDg, 1.0 APDg,
005 005
o OO’A_-—___; o OO’A_——_;
0.5 -0.5
1.0 RMP 10 RMP
8 0.5 8 0.5
& 0.0 _-___-_____—_ T 0.0 _-___-_____—_
0.5 -0.5
1.0 APA 1.0 APA
8 0.5 8 0.5
Soo I _wmil_ = 9, BN __swmill_
0.5 -0.5
1.0 dvdt, ., 1.0 dVdt, .,
005 J 005 J
€00 — €00 —
05— : : 05— ,
GNa GKs GK1 GCaL Gre/ Gup GNa GKs GK1 GCaL Gre/ Gup
SR AF
C . Fkk Fkdk . * Fekdk
20+ ~ T T T T T T T T T .
c 1.5 F |
2
8
g
5 10f -
°©
£
o HE :
© . HE
ooospi ] P P : al JT
ool+ & H I H I FE T
Gha Gis Gkt Gear Grel Guyp

Figure 4 Partial correlation coefficients (PCCs) between action potential biomarkers and current conductance parameters. (A) PPCs
between action potential biomarkers (including APA, dVdt,,,,, RMP, APD,,, APD;, and APD,) and current conductance parameters (including
Grar Gio Griy Gear, G and G,) for sinus rhythm (SR). (B) PPCs between action potential biomarkers and current conductance parameter
for atrial fibrillation (AF). (C) Ranges of the variability of ionic conductances in the human atrial AP model populations. Median values and
ranges of the variability of ionic conductances Gy, Gy,, Gki, Gear, Gy and G, in the experimentally calibrated populations of human atrial
AP models, sampled within a £100% range of their original values in the TPA human atrial AP models in SR (blue) and AF (red). Each
boxplot represents the range covered by the ionic conductances: the edges of the box are the 1 and 3™ quartiles, the whiskers extend to the
most extreme datapoints, the estimated median physiological value is the central horizontal line and the notch around the median is the 5%

significance level (Mann-Whitney U test: *, P<0.05; ***, P<0.001).
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Figure 5 Triggered action potentials in atrial fibrillation and underlying ionic parameters. (A,B) Representative traces of action potential (AP)

models in the untriggered versus triggered groups. (C) Coefficients of the multinomial logistic regression model describing the probability

of the development of triggered activity in the models of our population. (D) Statistical analysis on the values of the perturbations to

parameters modulated by Pitx2 in the two sub-groups of AP models with or without triggered activity. Each boxplot represents the range

covered by the ionic conductances: the edges of the box are the 1% and 3™ quartiles, the whiskers extend to the most extreme datapoints, the

estimated median physiological value is the central horizontal line and the notch around the median is the 5% significance level (Mann-

Whitney U test: ***, P<0.001).

approach takes into consideration variability arising from
the uncertainty associated with the extent to which mRNA

expression affects functional channel conductance at the cell

membrane. This is in contrast to the traditional approach

of considering unique values of ionic conductances in
atrial AP models of SR and Pitx2-induced AF human atrial
cardiomyocytes (4,17-20,30,31). Our main findings are:

)

We have built populations of human atrial cell
models that reproduce and predict the variability
in human atrial AP properties exhibited in a set
of AP measurements from over 363 SR and AF
patients. RMP, dVdt,,, and APDs are correlated in
both SR and AF cardiomyocytes, and are primarily

© Annals of Translational Medicine. All rights reserved.

a

(IIT)

av)

determined by Iy, Iy, and I, respectively.

The Pitx2-dependent mRINA data associated with
Iy, Ii, I, I, RyR (7)) and SERCA (7,,) predict
AP shortening and triggered APs in AF versus SR
cardiomyocytes, as reported in experimental studies
4,8,9).

The inducibility of triggered activity is positively
correlated with Iy, Ic,, and SERCA (7,,), and
negatively correlated with Iy, and Iy. Triggered
activity due to Pitx2-induced electrical remodelling
is primarily favored by high SERCA (7,,) and low
I, in AF myocytes.

AP shortening is positively correlated with Iy, and
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Figure 6 Role of Iy, and SERCA (J,,) in the genesis of triggered activity. (A) Simulations are shown both with normal Gy, (black) and under

reduced Gy, conditions (red). (B) APs when Iy, is down-regulated. (C) APs when ], is up-regulated. (D) APs when J,, is up-regulated and Iy,

is down-regulated. Asterisks indicate spontaneous depolarizations and the triangle denotes a DAD. *, spontaneous depolarizations.

Iy, and negatively correlated with Iy,, I, and
SERCA. AP shortening arising from Pitx2-induced
electrical remodelling is primarily favored by high
Iy, and low I, in AF myocytes.

AF population of models

Mathematical models have been used to evaluate
hypotheses of AF perpetuation mechanisms since the late
1950s. During the last decades, as a result of the increase
in computing power together with more extended research
in cardiac ionic currents by patch-clamp experiments,
more sophisticated electrophysiological models have
been used to evaluate the proarrhythmic effects of Pitx2-
induced remodelling on both AP and rotors dynamics
(4,17-20,30,31). However, most of these in silico studies
have made use of a single set of parameters fitted to an
average of many experiments. Although this approach
has allowed the reproduction and better understanding of
AF mechanisms, it hides the variability between patients
observed in clinical practice. This variability may explain
many different phenotypes reported in the literature (23-29).
Our Simulations of AF populations of models accounted for
the variability observed across subjects. Furthermore, this

© Annals of Translational Medicine. All rights reserved.

is the first study in which a population of models has been
used to determine the ionic currents linked to arrhythmia
perpetuation observed in mutant Pitx2 models. In the
present study, the TPA model was used as the basal model
to investigate the mechanisms underlying Pitx2-induced
AF. It had been validated and fully assessed by comparing
with existing human atrial models [including Lugo ez a/.
model (42), Maleckar ez a/. model (43), Nygren et al.
model (44), Koivumiki et 2/. model (45), Courtemanche
et al. model (46), Grandi et al. model (47), CRN_TP
model (18,20) and Voigt et al. model (48)]. This model was
chosen as it is able to reproduce human AP morphology,
APD rate dependence and triggered activity, i.e., early
afterdepolarizations (EADs), delayed afterdepolarizations
(DADs) and spontaneous depolarizations. It also was used
to investigate the pro-arrhythmic effects of Pitx2-induced
remodelling and it can reproduce phenomenons (including
triggered activity and AP shortening) observed in the
experiments. In our previous study, simulations based on
similar models, such as the CRN_TP model and Grandi
et al. model (47), had been conducted to explain model
dependence of results by reproducing Pitx2-induced AP
shortening and triggered activity (18). Simulations with
an alternative human atrial cell model should not alter the

Ann Transl Med 2021;9(2):106 | http://dx.doi.org/10.21037/atm-20-5660
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Figure 7 Action potential shortening in atrial fibrillation and underlying ionic parameters. (A,B) Representative traces of action potential (AP)
models in the shortened versus unshortened groups. (C) Coefficients of the multinomial logistic regression model describing the probability
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Pitx2 in these two sub-groups of AP models. Each boxplot represents the range covered by the ionic conductances: the edges of the box
are the 1™ and 3™ quartiles, the whiskers extend to the most extreme datapoints, the estimated median physiological value is the central

horizontal line and the notch around the median is the 5% significance level (Mann-Whitney U test: ***, P<0.001).
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Figure 8 Weights of remodelled parameters (including Gy,, Gy,, G, Gear, Gy and G,) for classifying shortened and triggered AP three
categories in AF models.
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Table 3 Weights of remodelled parameters (including Gy, Gy,, G, Gear, Gy and G

three categories in AF models

Zhu et al. Mechanisms underlying Pitx2-induced atrial fibrillation

) for classifying unshortened, shortened and triggered AP

up,

AP type Gia Gis G Gea Gyp Grol

Unshortened AP 4.9065 -5.5615 7.8389 9.4655 -2.8048 -7.969
Shortened AP —-7.4592 14.6805 3.736 -21.6137 -4.0507 6.1308
Triggered AP 3.1941 -9.3017 -11.7621 12.4555 6.9198 1.4855

main findings of this study, although the inclusion of the
intersubject variability approximates in silico experiments to
more realistic clinical scenarios.

AP biomarkers from experimental recordings allowed
us to select ionic current combinations that result in APs
covering the observed experimental range. As in previous
studies (23,29), variability in ionic parameters reproduces
AP variability in agreement with the biomarkers obtained
from the recorded preparations. In order to account for
Pixt2-induced triggered activity, we included restrictions
in our population reproducing the observed phenomenon.
To the best of our knowledge, this is the first time that AP
morphology and APD relative to basal AP has been used
to select the most physiologically relevant AF models from
a wider population, therefore allowing a more realistic
response of the models such as AP shortening and triggered
activity observed during Pitx2-induced AF.

Ionic mechanisms underlying Pitx2-induced AF

Research studies on AF have demonstrated that AP
shortening contributes to Pitx2-induced AF. An
experimental study demonstrated AF increases Pitx2
expression in isolated human atrial myocytes and
suggested Pitx2 could contribute to the I, increase and I,
reduction observed in humans (3). Our modelling study
further indicated the Pitx2-induced changes in Iy, and
I, led to APD shortening, facilitating sustained re-entry
in 3D anatomical atrial geometry (17). However, studies
on Pitx2-induced remodelling have not investigated the
relative importance of each current in APD shortening.
Our simulations in the AF population of models show AP
shortening is primarily determined by I, and secondarily
by I. Furthermore, APD shortening is positively
correlated with I and negatively correlated with I,;.
"This is consistent with findings from previous studies that
upregulation of I, (49) and downregulation of I.,; (50) due
to Pitx2-induced remodelling critically contribute to the
abbreviation of APD (3).

© Annals of Translational Medicine. All rights reserved.

In addition to APD shortening (9), triggered activity
(including DADs and spontaneous depolarizations)
has been linked to Pitx2-induced remodelling (51).
Experimental studies have demonstrated that Pitx2 was
expressed in the left atrium and pulmonary veins (51), and
reducing Pitx2 expression led to atrial remodelling linked
to arrhythmogenesis (2). Some studies demonstrated that
triggered activity is associated with the down-regulation
of Iy, due to impaired Pitx2, resulting in a significantly
depolarized resting membrane potential and thereby
spontaneous depolarizations (2,4). However, some
studies indicated that multiple calcium-handling genes
were regulated by Pitx2 (3,8) and suggested that calcium
handling abnormalities arising from Pitx2 insufficiency may
contribute to triggered activity (18). Our simulations in
the AF population of models show DADs can be induced
by increased SR calcium load due to enhanced SERCA
function. This is consistent with findings from these studies
(10,31) that the gain of SERCA function arising from the
Pitx2 mutation contributed to calcium-mediated cellular
triggered activity in AF. In addition to DADs, spontaneous
depolarizations were obtained in the AF population
of models. Our results showed that the inducibility of
spontaneous depolarizations was positively and negatively
correlated with 7, and Iy, respectively. Although the
pro-arrhythmic effect of downregulation of I, has been
observed in simulations (20,52) and PV myocytes (53), the
role of enhanced SERCA function due to Pitx2 insufficiency
in the development of spontaneous depolarizations was not
fully explored. Our results demonstrated that spontaneous
depolarizations are primarily favored by low Iy, and
secondarily by high 7,,. These findings support this notion
that spontaneous oscillations of membrane potential were
indeed achieved upon a large increase in the SERCA pump
activity (54). In addition, these observations for Pitx2-
induced remodeling, which includes upregulated 7,, and
downregulated Iy, (2,4,7,8,10), are qualitatively similar to
those observed here for the Pitx2 insufficiency. Therefore,
the findings of the present study add to the growing weight
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to evidence implicating Pitx2-induced changes in 7,, and I,
in facilitating the triggered activity.

The correlation of Pitx2 levels with different AF models

Previous studies have shown that changes in Pitx2 levels
lead to electrical remodelling linked to arrhythmogenesis (2)
and that Pitx2 regulates membrane effector genes associated
with the electrical remodelling in a dose-dependent manner
(3,7,8). Therefore, based on the correlation of the Pitx2
levels with remodelled parameters observed in previous
studies (3,4,7,8,41) and the correlation of remodelled
parameters with changes in APs in the present study, the
correlation of the Pitx2 levels with different AF models
can be built. In the previous studies, Pitx2 deficiency is
associated with the increase in Gy, G,,(8) and G, (41) and
the reduction in Gy, (4). Interestingly, our simulated results
indicated that the incidence of triggered AP was negatively
correlated with Gy, and Gy; and was positively correlated
with Gy, G¢,; and G,,. Therefore, the downregulation
of Pitx2 may increase the incidence of triggered AP. In
addition, the study of Pérez-Herndndez et al. (3) showed
that Pitx2 overexpression is associated with upregulated
Gy, and downregulated G,;. And our simulated results
showed that the incidence of shortened AP was positively
correlated with Gy, and Gy, and was negatively correlated
with Gy,, G¢,, and G,,. Therefore, the upregulation of Pitx2
may favor to AP shortening. Thus, the Pitx2 level may be
positively correlated with the occurrence of AP shortening,
but negatively correlated with the incidence of triggered AP.

Pitx2 and AF-relevance to previous studies

Gain-of-function/loss-of-function of Pitx2 has been found to
be associated with AF in humans (2-4,9,10,19,21). A number
of previous studies have shown expression levels of Pix2 are
reduced in the left atrium in humans (2,4,55) and transgenic
mice (2,8,9), or with loss-of-function mutations (56,57).
However, Pitx2 expression has been found to be increased
in the left atrium (58) and in right atrial myocytes (3),
from AF patients, or with the gain-of-function mutation
p-Met207Val (59). The present study is consistent with
this notion, indicating clearly a marked function impact
of gain-of-function/loss-of-function of PITX2 on atrial
cell electrophysiology that would promote susceptibility
to AF. In previous simulated studies, we have shown that a
shorten APDy, arising from the Pitx2 overexpression (17) or
the gain-of-function mutation p.Met207Val (19) increased

© Annals of Translational Medicine. All rights reserved.
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atrial susceptibility to arrhythmias, and that abnormalities
in intracellular calcium handling due to the Pitx2
downregulation (18,20) or the loss-of-function mutation
rs13143308T (31) increased the inducibility of triggered
activity which can be suppressed by drugs such as dantrolene
and flecainide. Our data are consistent with this. They
indicate that Pitx2-induced electrical remodelling not only
contributes to the APDy, shortening in spatial vulnerability to
arrhythmia, but also increases the susceptibility of the human
atrial cell to the genesis of triggered activity. Therefore, our
study substantiates a causative link between Pitx2-induced
electrical remodelling and AF.

Accumulating evidence places particular emphasis on
atrial arrhythmogenicity due to intersubject variability in
Pitx2 levels (9), in producing the electrical remodelling
in a dose-dependent manner (3,7). The present study is
both consistent with and extends this notion, indicating a
relationship between the PITX2 alteration and arrhythmia
onset. The general incidence of AF increases with age. The
previous study of Scridon er /. have shown that PITX?2
expressions showed a progressive, age-dependent change
and were negatively correlated with both age and heart
weight in hypertensive rats (5). It indicated a possible
temporal relationship between the PITX2 alteration and
arrhythmia onset, suggesting PITX2 alteration is an age-
dependent process that starts before the occurrence of
arrhythmias. And Lozano-Velasco er 4/. identified a complex
regulatory network orchestrated by PITX2, demonstrating
a dose-dependent relation between PITX2 expression and
the expression of AF susceptibility genes (7). Importantly,
human right atrial myocytes from AF patients have shown
PITX?2 expression increases and this increase correlates
with the I, increase and I, decrease that characterizes AF-
induced electrical remodeling, demonstrating the substrate
for arrhythmogenesis in these AF patients is dependent
upon electrical remodeling modulated by the PITX2
expression in a dose-dependent manner (3). Our data are
consistent with this. They indicated that the incidence of
shortened AP was correlated with the extent of electrical
remodelling due to Pitx2 upregulation and the incidence of
triggered activity was correlated with the extent of electrical
remodelling due to Pitx2 downregulation. Therefore, the
correlation of the Pitx2 levels with arrhythmia onset with
different mechanisms was built.

Study limitations

Several limitations special to the present study are
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summarized. Fristly, the populations of human atrial models
developed in the present study are based on a large number
of experimental recordings obtained from the right atrial
appendage. Cardiomyocytes from other atrial locations may
exhibit spatial heterogeneities in AP properties reported in
humans (60-62). These heterogeneities were not directly
addressed in the present study, but our population approach
does offer robustness against variability resulting from
this. Furthermore, the inter-cellular coupling may affect
APs as compared to isolated cells. The effects of tissue
coupling could be investigated in further studies, aiming
at translating the conclusions obtained from cellular to
tissue model populations. Secondly, because of the lack of
relevant experimental data, the potential impact of Pitx2
was evaluated under the following assumption: The Pitx2-
induced functional changes in the proteins would be
proportional to their mRNAs changes. Our study inherits
many of the difficulties in extrapolating from mRNA
expression data to functional membrane ion channels. In
addition, we examined the effects of variability in a subset
of conductances associated with Pitx2 in the present study.
However, it is possible that other electrophysiological
properties, such as ionic concentrations and additional ionic
currents, may play a role in AP variability. These additional
important factors could be the focus of future investigations.
Although these potential limitations are important in the
present study, they may not influence our conclusions
drawn from simulated results on the mechanisms by which
Pitx2-induced remodelling can increase the risk of AF.

Conclusions

Experimentally calibrated populations of models are
presented as a useful tool for understanding the ionic
mechanisms underlying Pitx2-induced AF. This study
showed that the populations of models reproduce the
variability in human atrial AP properties measured in
samples obtained from patients and main ionic mechanisms
modulating intersubject variability in the different phases of
the AP are very similar in SR and AF populations. The AF
population of models predicts AP shortening and triggered
activity in Pitx2-induced remodelling conditions observed
in experiments. By using this computational framework,
our results suggest that the incidence of shortened AP was
positively correlated with Iy, and I, and was negatively
correlated with I, I, and SERCA, whereas the incidence
of triggered AP was negatively correlated with Iy, and I, and
was positively correlated with Iy, I, and SERCA. Based on

© Annals of Translational Medicine. All rights reserved.
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the correlation of Pitx2-induced remodelling with different
AF models and the correlation of Pitx2 levels with the
electrical remodelling in previous studies, we can conclude
that the Pitx2 level may be positively correlated with the
occurrence of AP shortening, but negatively correlated with
the incidence of triggered AP. Therefore, the outcomes
of this study may lead to more targeted patient-specific
treatment for Pitx2-induced AF in the near future.
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