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Abstract: Electrical remodelling as a result of the homeodomain transcription factor 2 (Pitx2)-
dependent gene regulation was linked to atrial fibrillation (AF) and AF patients with single
nucleotide polymorphisms at chromosome 4q25 responded favorably to Class I antiarrhythmic
drugs (AADs). The possible reasons behind this remain elusive. The purpose of this study was to
assess the efficacy of AADs disopyramide, quinidine, and propafenone on human atrial arrhythmias
mediated by Pitx2-induced remodelling, from a single cell to the tissue level, using drug binding
models with multi-channel pharmacology. Experimentally calibrated populations of human atrial
action potential (AP) models in both sinus rhythm (SR) and Pitx2-induced AF conditions were
constructed by using two distinct models to represent morphological subtypes of AP. Multi-channel
pharmacological effects of disopyramide, quinidine, and propafenone were considered. Simulated
results showed that Pitx2-induced remodelling increased maximum upstroke velocity (dVdtma) and
conduction velocity (CV), and decreased AP duration (APD) and wavelength (WL). At the
concentrations tested in this study, these AADs decreased dVdtmx and CV and prolonged APDin the
setting of Pitx2-induced AF. Our findings of alterations in WL indicated that quinidine and
disopyramide may be more effective against Pitx2-induced AF by prolonging WL.

Keywords: action potential; atrial fibrillation; in silico model; population of models; Class I
antiarrhythmic drugs; flecainide; disopyramide; quinidine; propafenone; Pitx2

1. Introduction

Although atrial fibrillation (AF) incidence increases with age, and with the context of
concomitant cardiac pathologies [1], population-based genome-wide association studies (GWAS)
showed that one-third of AF patients carry common genetic variants, suggesting that AF has a
heritable component [2]. Recently, many AF-associated loci were identified in GWAS [3-9] and the
most common AF susceptibility locus firstly identified in European, Chinese and Japanese
populations is located on chromosome 4q25 [10]. The gene-poor 4q25 region harbors the paired-like
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homeodomain transcription factor 2 (Pitx2), which has been fundamentally linked to AF [11-20]
although the basis for this connection remains obscure. In early cardiac embryogenesis, Pitx2
suppresses left atrial automaticity and formation of “sinus node-like structures” in the left atrium [21]
and contributes to the formation of the pulmonary vein myocardium [13]. In the adult heart, Pitx2 is
mainly expressed in the left atrium and pulmonary vein [11]. Experimental studies of Pitx2-induced
AF have indicated that downregulation of Pitx2 creates a predisposition to AF without marked
structural changes in the atria [11, 15, 18, 22] via shortened atrial repolarization [22], a more
depolarized resting membrane potential (RMP) [18] and abnormalities in calcium cycling [17, 23, 24].
Gene expression analyses highlighted that Pitx2 regulated genes of ion channels [11, 12, 17, 22, 23, 25,
26] in a dose-dependent manner. Based on these experimental data on changes in expression of ion
channels, we constructed multi-scale models of human atrial electrophysiology to investigate
mechanisms by which Pitx2-induced remodelling promotes AF in our previous studies [27-33].
However, effective management of AF remains a challenge, and is incompletely understood in the
context of Pitx2-induced AF.

A population-based study assessed the influence of AF-associated loci on the response to
antiarrhythmic drug (AAD) therapies and showed that carriers of the variant allele at rs10033646 on
chromosome 4q25 (Pitx2) responded favorably to Class | AADs [34]. Class I AADs used in AF include
flecainide, disopyramide, quinidine and propafenone [35]. The pharmacological effects of flecainide
in Pitx2-induced AF were investigated by using a multi-scale computational model and simulated
results demonstrated that flecainide is effective for the treatment of Pitx2-induced AF patients by
preventing spontaneous calcium release [36]. However, the efficacy of other Class I AADs
disopyramide, quinidine, and propafenone on human atrial arrhythmias mediated by Pitx2-induced
remodelling remains elusive.

Although the efficacy of disopyramide, quinidine, and propafenone on human atrial patho-
electrophysiology associated with hERG-linked short QT syndrome has been investigated using a
multi-scale computational model [37], mechanisms by which short QT mutations promote AF may
be different from that underlying Pitx2-induced AF [27-32, 36]. Also, both clinical [34] and theoretical
[36] studies of pharmacotherapy for Pitx2-induced AF often ignored inter-subject variability in atrial
electrophysiology properties. Population-based computational approaches that can capture key
disease conditions have proven valuable for understanding inter-subject variability in
electrophysiological properties [38-40] and cardiotoxicity [41-53]. Similarly, these methods were
useful in AF [54-58]. Recently, a novel Quantitative Systems Pharmacology Framework was
prospered based on these population-based computational modelling and effects of multi-atrial-
predominant potassium-current block in AF were investigated [55].

Here, following the Quantitative Systems Pharmacology Framework developed by Ni et al. [55],
we constructed populations of in silico models calibrated to values of action potential (AP)
biomarkers reported in an experimental dataset on AP recordings [59]. Using these experimentally
calibrated models, we simulated and assessed actions of Class I AADs on human atrial
electrophysiology. AP duration (APD) and maximum upstroke velocity (dVdtmx) were quantified to
evaluate anti-AF effects of Class I AADs on AP at the cellular level, while conduction velocity (CV)
and wavelength (WL) were quantified to assess the effects of Class I AADs on AP propagation at the
tissue level. Sensitivity analyses of AP biomarkers were applied to understand the ionic mechanisms
underlying Pitx2-induced AF and the efficacy of these AADs. Finally, we performed population-
based simulations of Pitx2-induced remodelling and predicted a reduction in APD and WL and an
increase in CV and dVdtm. Further simulations of actions of Class I AADs on Pitx2-induced AF
exhibited APD prolongation and a reduction in CV and dVdtmax. Our results showed that quinidine
and disopyramide led to WL prolongation compared to the drug-free AF conditions, but propafenone
caused WL shortening. These findings suggest that quinidine and disopyramide may be effective
against Pitx2-induced AF.
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2. Results

2.1 Overview of in silico assessment of Class I antiarrhythmic drugs

Baseline human atrial cell model

lonic properties (Bai et al. or Grandi et al. models )

Parameter randomization with a log-normal distribution
(the median value = 1 and sigma = 0.2)

The initial population of SR models

Experimental (dVlt,0, RMP, APDsg and APDs; )
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patient data Calibration based on Pitx2-induced
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Simulation and
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models with drug effects

In silico assessment of Class | antiarrhythmic drugs effects on Pitx2-induced AF
(Sensitivity analysis of dVdt.,, APDg, CV and WL)

Figure 1. Flow chart illustrating the process for in silico assessment of Class I antiarrhythmic drugs
effects on Pitx2-induced atrial fibrillation (AF). Note: There are two distinct morphological subtypes
of human atrial action potential (AP) [59] and thereby the Bai et al. model with a notch-and-dome AP
morphology [27] and the Grandi et al. model with a triangular AP shape [60] were used in the present
study. Class I antiarrhythmic drugs assessed include quinidine, disopyramide and propafenone.
Abbreviations: Pitx2-The homeodomain transcription factor 2, SR-Sinus rhythm; dVdtmm»-Maximum
upstroke velocity, RMP-Resting membrane potential, APDso and APD9-AP duration at 50% and 90%,
respectively, CV-Conduction velocity and WL-Wavelength.

Table 1. Parameters associated with ionic properties for constructing populations of atrial models.

Parameters Definition Models
Bai et al. [27] Grandi et al. [60]
GNa Maximal Ine. conductance v v
Gks Maximal Ixs conductance v v
Gk1 Maximal Ix1 conductance v v
GeaL Maximal Ica. conductance v v
Gto Maximal Ir» conductance v v
Gkr Maximal Ixr conductance v v
GNex Maximal INex \/ \/
GBNa Maximal Isna conductance v v
GBca Maximal Isca conductance v v
GnNak Maximal Inak v v
Grca Maximal Irca conductance v v
Grk Maximal Irx conductance v v
Grkur Maximal Ik« conductance v v
Gre Maximal Irs via RyR v v
Gup Maximal Iy via SERCA v v
GcaNa Maximal Icane conductance N/A N
Gaak Maximal Icax conductance N/A N
Gcica Maximal Icica conductance N/A N
Gsal Maximal Isa conductance N/A N
GNaL Maximal Inar conductance N/A v
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Table 2. Experimental data on AP biomarkers [59] under atrial fibrillation (AF) and sinus rhythm
(SR) conditions.

Biomarkers SR (n =238) AF (n =214)
APDago (ms) 317.41 +43.19 217.45 + 35.74
APDso (ms) 138.09 +45.14 100.41 £ 6.31
RMP (mV) -73.98 +0.86 -76.85+0.83
dVdtmax(V/s) 219.44 + 14.65 231.56 +16.51

Note: Values are presented in mean + standard error. AP biomarkers include APDso, APDs, RMP and
dVdtmax. Abbreviations: dVdtmm-Maximum upstroke velocity, RMP-Resting membrane potential, and
APDso and APDo-AP duration at 50% and 90%, respectively.

Table 3. Parameters associated with Pitx2-induced remodelling.

Experimental observation Parameters Changes (%)
-60% (SCN5A & SCN1B) [22]
-40% (SCN5A & SCN1B) [25]
+95% SCNB5A [17] e +10%
No Change [18]
+70-90% (SCN1B) [61]
+500% CACNAID [12]
-50% CACNAI1C [26]

Geat +30%
-30% CACNAIC [25]
Decreased CACNAI1C [11]
+150% (KCNQ1) [26]
Increased voltage-dependent potassium current [11] Cre +150%

+80% (KCNQ1) [61]
+50-70% (KCNQI) [15]
-20% (KCNJ2 & KCNJ12) [22]
+30 (KCNJ2 & KCNJ12) [25] Gk -30%
-25% KCNKS5 [18]
+145% RyR2 [12]
+30% RyR2 [23]
+30% RyR2 [25]
+10% RyR2 [17]
+50% ATP2A2 [12]
+1000% ATP2A2 [23]
+100% ATP2A2 [25] Gup +30%
+12% ATP2A2 [17]
+37% SERCA2 [24]

Note: We assumed that changes in mRNA expression are quantitatively reflected at the final

Grel +100%

functional level of ion channels. Parameters associated with Pitx2-induced remodelling of ion
channels include Gne, Gear, Gks, Gk1, Grel, and Gup.

A flow chart illustrating the process for in silico assessment of Class I AADs effects on Pitx2-
induced AF is presented in Figure 1. First, the initial population of sinus rhythm (SR) models was
created by randomly perturbing parameters associated with ionic properties (Table 1) of the baseline
human atrial cell models [41]. The Bai et al. model displaying a type-1 AP with notch-and-dome
morphology [27] and the Grandi et al. model displaying a type-3 AP with typical triangular shape
[60] were chosen as the baseline human atrial cell models to represent distinct morphological
subtypes of human atrial AP [62]. Parameters associated with ionic properties were allowed to vary
independently according to a log-normal distribution and sigma was set to be 0.2 to cover a range of
variability similar to that seen in experiments based on previous studies [41, 55, 63, 64]. Second, we
used the initial models to simulate human atrial AP by considering stimulation frequency (1Hz)
under the experimental conditions [59] and calculate AP biomarkers of each initial model. The initial
models generated in the previous step were selected to constitute the SR population whose simulated
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electrophysiological properties are in range with the same properties in experimental data on AP
biomarkers (including dVdtms, RMP, APDs» and APDw) in Table 2. This step yields the
experimentally-calibrated population of SR models [54]. Third, electrical remodelling due to impair
Pitx2 (Table 3) was introduced into SR model variants to generate the initial population of AF models.
Fourth, we used experimental AP biomarkers to calibrate the AF population by excluding the model
variants in which values of simulated biomarkers were outside the experimentally observed range
(Table 3) reported by Ravens et al [59]. Fifth, the blocking effects of AADs on ion channels (Table 4)
were incorporated into experimentally-calibrated Pitx2-induced AF models to evaluate their effects
on the virtual atrial myocytes. Finally, sensitivity analyses [41, 55] of dVdtm«x and APDw at the cellular
level and CV and WL at the tissue level were applied to understand modulations by ionic parameters
of Pitx2-induced remdoelling and ion channels affected by AADs. On the basis of model responses,
AADs that eliminates the arrhythmogenic propensity of the atrial substrate arising from Pitx2-
induced remodelling were selected.

Table 4. Parameters associated with blocking effects of antiarrhythmic drugs.

Currents Disopyramide Quinidine Propafenone
ICs0(uM) nH Ref. ICs0(uM) nH Ref. ICs0(uM) nH Ref.
Ina 168.4 1.09 [65] 14.6 1.22 [65] 12 1.0 [66]
Tear 1036.7 1.0 [65] 14.9 1.0 [67] 17 1.0 [68]
To 209 1.0 [69] 2158 1.0 [70] 48 1.0 [71]
Ixs 88.1 1.0 [72] 44.0 1.0 [73] - - -
Ik 14.4 091 [65] 0.72 1.06 [65] 2.0 1.0 [74]
Txur 25.0 1.0 [75] 6.6 1.0 [70] 44 1.0 [76]
Ixi - - - 426 1.0 [70] 16.8 1.0 [77]

Note: Antiarrhythmic drugs investigated include disopyramide, quinidine and propafenone. Ion
currents associated with these drugs included Ing, IcaL, Ito, Iks, Ikr, Ixurand Ik1. Blocking effects of drugs
on ion currents were modelled with the half-maximal inhibitory concentration (ICs0) and Hill-
coefficient (nH) value. ICs and nH were extracted from the literature.

Table 5. AP biomarkers obtained from the Bai et al. model and the Grandi et al. model under atrial
fibrillation (AF) and sinus rhythm (SR) conditions.

Bai et al. model Grandi et al. model
Biomarkers
SR (n =238) AF (n=214) SR (n=153) AF (n=79)
APDgo (ms) 254.57 +41.51 187.83 + 25.56 261.84 +58.49 236.52 +42.76
APDso (ms) 191.71 +32.19 125.16 +22.89 59.78 +26.39 49.29 + 16.45
RMP (mV) -79.94 + 3.29 -79.38 +3.30 -81.00 £ 0.22 -81.03 +0.31
dVdtmax(V/s) 192.82 + 81.23 210.72 + 86.83 353.19 +50.01 367.42 + 48.68

Note: Values are presented in mean + standard error. AP biomarkers include APDso, APDs, RMP and
dVidtma. Abbreviations: dVdtma-Maximum upstroke velocity, RMP-Resting membrane potential, and
APDso and APDso-AP duration at 50% and 90%, respectively.

2.2 The experimentally-calibrated populations of human atrial myocytes under SR and AF conditions

Representing a type-1 AP with notch-and-dome morphology, the Bai et al. model [27] was used
to generate the initial SR population of human atrial cell model variants. According to the
physiological range of AP biomarkers (dVdtmx, RMP, APDso and APDs values at 1Hz pacing)
measured experimentally (Table 2), populations of 610 SR models out of the initial pool of 1,200
models were selected to generate the experimentally-calibrated population of SR models. Next, we
incorporated Pitx2-induced electrical remodelling (Table 3) into the SR population of 610 variants to
generate the initial AF population, and then calibrated this AF population to the experimentally
measured AP biomarkers (Table 2). Representative AP traces for the experimentally-calibrated SR
population of 610 models and AF population of 214 models, respectively, are shown in Figure 2a and
Figure 2b. Distributions of AP biomarkers of the experimentally-calibrated SR models are compared
to that of AF models (Figure 2¢-d). In detail (Table 5), dVdtm is increased from 192.82 + 81.23 V/s for
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the SR condition to 210.72 + 86.83 V/s for the AF condition, whereas APDgo (187.83 + 25.56 ms vs.
254.57 + 41.51 ms) and APDs0(125.16 +22.89 ms vs. 191.71 + 32.19 ms) were abbreviated due to Pitx2-
induced remodelling. No significant changes in RMP (-79.38 + 3.30 mV vs.-79.94 + 3.29 mV) are

observed.
Bai et al. model
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Figure 2. The experimentally-calibrated populations constructed with the Bai et al. model for sinus
rhythm (SR) and atrial fibrillation (AF) conditions. a-b, Representative traces of action potential (AP)
models in SR and Pitx2-induced AF conditions. c-d, Distributions of AP biomarkers (including dVdtmax,
RMP, APDso and APDg) under SR and Pitx2-induced AF conditions.

Representing a type-3 AP with a typical triangular shape, the Grandi et al. model [60] was also
used to generate the experimentally-calibrated populations according to the physiological range of
AP biomarkers [59] measured experimentally (Table 2). 153 SR models and 79 AF models were
selected to constitute the SR population and the AF population, respectively. Figure 3 shows
representative AP traces (Figure 3a-b) and distributions of AP biomarkers (Figure 3c-d) for the SR
population and the AF population. Consistent with changes in AP biomarkers observed in the Bai et
al. model (Figure 2c-d and Table 5), especially, dVdtma is increased from 353.19 + 50.01 V/s for the SR
population to 367.42 + 48.68 V/s for the AF population, whereas APDy is decreased from 261.84 +
58.49 ms for the SR population to 236.52 + 42.76 ms for the AF population (Table 5).
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Grandi et al. model
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Figure 3. The experimentally-calibrated populations constructed with the Grandi et al. model for
sinus rhythm (SR) and atrial fibrillation (AF) conditions. a-b, Representative traces of action potential
(AP) models in SR and Pitx2-induced AF conditions. c-d, Distributions of AP biomarkers (including
dVidtmex, RMP, APDso and APDw) under SR and Pitx2-induced AF conditions.

2.3 Sensitivity analysis revealed alterations in depolarization and repolarization of AP

Experimental studies have demonstrated that sensitivity analyses of dVdtmx and APDs can
provide insights into alterations in the depolarization rate [78-81] and the repolarization time [82] of
the cardiac tissue. We applied partial correlation analysis to predict alterations in dVdtmxand APDs
when electrical remodelling (listed in Table 3) due to impaired Pitx2 was introduced or ion channels
(listed in Table 4) were blocked by Class I AADs. Parameters associated with Pitx2-induced electrical
remodelling include Gns, Gear, Gks, Gk, Gra and Gup, while parameters affected by actions of AADs
(including disopyramide, quinidine and propafenone) include Gns, Geat, Gto, Gks, Gkr, Gkurand Gri. We
used partial correlation analysis to calculate partial correlation coefficients (PCCs) to quantify
correlations between the parameter values and dVdtmand APDso, respectively. In Figure 4a-d, dVdtma
PPCs are positive for Gnin Bai et al. and Grandi et al. populations, suggesting that upregulated In.
in Pitx2-induced remodelling would tend to increase depolarization rate and inhibiting In. due to
actions of AADs favors to reduce depolarization rate. In Figure 4e-h, APDs PPCs are negative for Gks,
Grxr and Gxi but not for Gea, indicating that upregulated Gxs and downregulated Gear in Pitx2-induced
remodelling cause APD shortening and block of these potassium currents (i.e., Ixs, Ixr and Ik1) would
tend to prolong APD. APDs PPCs for Gw and Gxur are also negative in Grandi et al. but not Bai et al.
population. Therefore, in Grandi et al. populations, APDs PPCs for G, Gks, Gkr, Gxur and Gk1 are
negative, suggesting that inhibiting these currents due to actions of AADs produces positive APD
prolongation. In contrast, in Bai et al. populations, negative APDs PPCs are seen for Ik, Ik and Ik
only, indicating that the block effects of Class I drugs on Ik, Ik and Ix: are associated with positive
APD prolongation, but the block effects of AADs on Gwand Grwr with negative APD prolongation. In
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addition, PPCs of APDs and dVdtma for other ionic properties (listed in Table 1) are shown in Figure
1S and Figure 2S in the Supplementary Material.
Bai et al. model Grandi et al. model
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Figure 4. Partial correlation coefficients (PPCs) between biomarkers (dVdtmax or APDso) and parameters
associated with Pitx2-induced electrical remodelling (Gns, Geat, Gks, Gki, Gret and Gup) or actions (Gns,
Geat, Gto, Gks, Gxr, Gkur and Gki) of antiarrhythmic drugs. PPCs between dVdtma and Gni, Gear, Gs, Gxi,
Gxr, Gto, Grur, Gra or Gup for the virtual atrial myocytes created by the Bai et al. model in SR (a) and AF
(b) are compared to that for virtual atrial myocytes in the SR (c) and AF (d) populations created by
the Grandi et al. model. PPCs of APDw for virtual atrial SR (e) and AF (f) myocyte populations created
the Bai et al. model are compared to that for the virtual atrial myocytes created by the Grandi et al.
model in SR (g) and AF (h).

2.4 Antiarrhythmic effects of Class I drugs on dVdtmwx and APDso at the cellular level

According to experimental data on actions of Class I AADs on ion currents, their effects were
incorporated into experimentally-calibrated models in the AF population created with the Bai et al.
model. Parameters associated with the effects of AADs were Gna, Gcar, Gto, Gks, Gkr, Gkurand Gk (Table
4). Class I AADs investigated here included disopyramide, quinidine and propafenone. Taking into
account plasma protein binding, estimates of the most likely unbound concentrations of propafenone,
disopyramide and quinidine have been given as ~0.15-1 uM [83-85], 1 uM and 2 uM [86], respectively.
To encompass likely total as well as unbound concentrations, we selected to simulate effects of a wide
range of concentration of propafenone (low dose Prop_L: 0.2, medium dose Prop_M: 0.5 and high
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dose Prop_H: 0.8 uM), disopyramide (Diso_L: 1.0, Diso_M: 2.0 and Diso_H: 5.0 uM) and quinidine
(Quin_L: 1.0, Quin_M: 2.0 and Quin_H: 5.0 uM) [37, 87]. Figure 5 shows the actions of disopyramide,
quinidine and propafenone on dVdtmx and APDgw in the AF condition. It can be seen in Figure 5a that
disopyramide, quinidine and propafenone reduced dVdtm in a dose-dependent manner, with
propafenone decreasing dVdtmx to a greater extent than disopyramide and quinidine. Values of
dVdtmax upon application of disopyramide and quinidine were smaller than those in the drug-free AF
condition, but were larger than that in the drug-free SR condition. However, values of dVdtu«x upon
application of propafenone were smaller than those under drug-free AF and SR conditions. All drugs
also prolonged APDw in a dose-dependent manner (Figure 5b), with quinidine producing a slightly
larger increase in APDg across all concentrations investigated. In detail (Table 6), quinidine
prolonged APDg from 187.83 + 25.56 ms in the drug-free AF condition to 217.89 + 32.5 ms (Quin_L),
233.09 £ 38.73 ms (Quin_M) and 252.18 + 42.67 ms (Quin_H), whereas values of APDs are 191.29+
25.82 ms (Diso_L), 194.03+ 25.99 ms (Diso_M) and 201.38+ 26.54 ms (Diso_H) upon application of
disopyramide, and are 202.55 +28.40 ms (Prop_L), 210.71 £30.96 ms (Prop_M) and 213.63 +31.76 ms
(Prop_H) upon application of propafenone. APDs upon application of 5uM quinidine (Quin_H) in
the AF condition is close to that in the drug-free SR condition (254.57 + 41.51 vs. 252.18 + 42.67).
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Figure 5. Effects of low (L), medium (M) and high (H) doses of disopyramide (Diso), quinidine (Quin)
and propafenone (Prop) on the atrial fibrillation (AF) population using the Bai et al. model. (a)
Simulated changes in the dVdtmax following the applications of drugs at different doses in
comparison to the drug-free conditions in the AF population or in the normal population for sinus
rhythm (SR). (b) Ranges of APD90 in conditions of drug-free SR, drug-free AF, AF in the presence
of disopyramide at low (Diso_L), medium (Diso_M) and high (Diso_H) doses, AF in the presence of
quinidine at low (Quin_L), medium (Quin_M) and high (Quin_H) doses, and AF in the presence of
propafenone at low (Prop_L), medium (Prop_M) and high (Prop_H) doses.

Based on the experimentally-calibrated AF models created with the Grandi et al. model,
antiarrhythmic effects of disopyramide, quinidine and propafenone on dVdtwx and APDs were
investigated. Figure 6 shows all drugs decreased dVdtm. (Figure 6a) and prolonged APDg (Figure 6b)
in a dose-dependent manner. Consistent with results (Figure 5) obtained using the Bai et al. model,
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propafenone decreased dVdtm to a greater extent than disopyramide and quinidine. Values of dVd#umax
upon application of propafenone and quinidine in the AF condition were smaller than that in the
drug-free SR condition, but dVdtw upon application of disopyramide in the AF condition were larger
than that in the drug-free SR condition (Figure 6a). It can also be seen in Figure 6b that APDs upon
application of disopyramide in the AF condition were larger than that in the drug-free SR condition,
whereas values of APDs upon application of propafenone and quinidine in the AF condition were
smaller than that in the drug-free SR condition.
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Figure 6. Effects of low (L), medium (M) and high (H) doses of disopyramide (Diso), quinidine (Quin)
and propafenone (Prop) on the atrial fibrillation (AF) population using the Grandi et al. model. (a)
Simulated changes in the dVdtm following the applications of drugs at different doses in comparison
to the drug-free conditions in the AF population or in the normal population for sinus rhythm (SR).
(b) Ranges of APD90 in conditions of drug-free SR, drug-free AF, AF in the presence of
disopyramide at low (Diso_L), medium (Diso_M) and high (Diso_H) doses, AF in the presence of
quinidine at low (Quin_L), medium (Quin_M) and high (Quin_H) doses, and AF in the presence of
propafenone at low (Prop_L), medium (Prop_M) and high (Prop_H) doses.

Together, our models developed by the Bai et al. model or the Grandi et al. model predicted that
all drugs reduced dVdtm and APDw to a different extent. Among the three drugs, propafenone led to
the most reduction in dVdtmand the least prolongation of APD. In addition, PPCs of 4 APDsyand 4
dVdtmax for ionic properties (listed in Table 1) are shown in Figure 3-4S and Figure 5-6S in the
Supplementary Material.

2.5 Antiarrhythmic effects of Class I drugs on CV and WL at the tissue level

To evaluate the effects of Class I drugs on CV and WL, we constructed one-dimensional (1D)
models of human atrial strands with the Bai et al. model to investigate the responses of electrical
waves to AADs in tissue. Figure 7 shows CV and WL upon application of disopyramide, quinidine
and propafenone in the AF condition, compared with those in the drug-free SR and AF conditions.
CV was increased from 0.56 + 0.09 mm/ms for the SR condition to 0.58 + 0.09 mm/ms for the AF
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condition. It can be seen in Figure 7a that disopyramide, quinidine and propafenone reduced CV in
a dose-dependent manner, with quinidine and propafenone decreasing CV to a greater extent than
disopyramide. Values of CV upon application of disopyramide and quinidine were smaller than
those in the drug-free AF condition, but were larger than those in the drug-free SR condition.
However, values of CV upon application of propafenone were smaller than those under drug-free AF
and SR conditions (Table 6). Figure 7b shows values of WL under drug-free SR and AF conditions,
and upon application of various concentrations of disopyramide, quinidine, and propafenone. WL
was decreased from 141.05 + 27.93 mm for the drug-free SR condition to 108.15 + 20.19 mm for the
drug-free AF condition. Compared with the drug-free AF condition, propafenone shortened WL in a
dose-dependent manner, whereas disopyramide and quinidine prolonged WL in a dose-dependent
manner. Quinidine prolonged WL to a greater extent than disopyramide. And upon application of
5uM quinidine (Quin_H) in the AF condition is close to that in the drug-free SR condition (132.22 +
24.13 mm vs. 141.05 +27.93 mm). In order of effects of AADs on WL, these drugs are quinidine,
disopyramide and propafenone.
(a)
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Figure 7. Effects of low (L), medium (M) and high (H) doses of disopyramide (Diso), quinidine (Quin)
and propafenone (Prop) on the virtual tissue population for atrial fibrillation (AF) using the Bai et al.
model. Simulated changes in conduction velocity (CV, a) and wavelength (WL, b) following the
applications of drugs at different doses in comparison to the drug-free conditions in the AF
population or in the normal population for sinus rhythm (SR).

Using 1D models of human atrial fibers developed with the Grandi et al. model, the
antiarrhythmic effects of Class I drugs on CV and WL were also investigated. Consistent with results
(Figure 7a) obtained using the Bai et al. model, all drugs decreased CV in a dose-dependent manner,
with quinidine and propafenone decreasing CV to a greater extent than disopyramide (Figure 8a). In
addition, values of CV upon application of various concentrations of propafenone were smaller than
those under drug-free SR conditions. Figure 8b shows that disopyramide prolonged WL in a dose-
dependent manner, whereas quinidine and propafenone shortened WL in a dose-dependent manner.
However, values of WL upon application of quinidine (Quin_L and Quin_M) and propafenone
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(Prop_L) were larger than those under the drug-free AF condition, indicating that quinidine is more
effective that propafenone. In order of effects of AADs on WL, these drugs are disopyramide,
quinidine and propafenone.

Quantitative summaries of the effects of Class AADs on human atrial electrical activity in the
Pitx2-induced AF condition are listed in Table 6 for the Bai et al. model and Table 7 for the Grandi

et al. model.
Grandi et al. model
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Figure 8. Effects of low (L), medium (M) and high (H) doses of disopyramide (Diso), quinidine (Quin)
and propafenone (Prop) on the virtual tissue population for atrial fibrillation (AF) using the Grandi
et al. model. Simulated changes in conduction velocity (CV, a) and wavelength (WL, b) following the
applications of drugs at different doses in comparison to the drug-free conditions in the AF
population or in the normal population for sinus rhythm (SR).

Table 6. A quantitative summary of the effects of Class I antiarrhythmic drugs on human atrial electrical
activity using the Bai et al. model.

Model Cell Tissue
dVdtmax(V/s) APD90 (ms) CV (m/s) WL (inm)
SR 192.82 +81.23 254.57 +41.51 0.56 +0.09 141.05 +27.93
AF 210.72 +86.83 187.83+ 25.56 0.58 +0.09 108.15 +20.19
Diso_L 209.74 + 86.35 191.29 + 25.82 0.58 + 0.09 109.83 +20.28
Disopyramide Diso_M 208.31 +87.00 194.03 +25.99 0.57 +£0.09 111.12 £20.51
Diso_H 205.54 + 84.96 201.38 + 26.54 0.57 £ 0.09 114.69 +21.23
Quin_L 211.47 +86.32 217.89+32.5 0.58 + 0.09 125.25 +22.55
Quinidine Quin_M 207.26 + 84.45 233.09 + 38.73 0.57 £ 0.09 132.22 +24.13
Quin_H 190.69 + 76.09 252.18 + 42.67 0.56 + 0.09 139.39 + 25.64
Prop_L 194.09 + 77.34 189.07 + 25.38 0.56 + 0.09 105.74 £ 19.54
Propafenone Prop_M 174.28 + 66.56 190.41 + 25.45 0.54 +£0.08 102.22 + 18.92

Prop_H 158.88 + 58.10 191.55 + 25.38 0.52 +0.08 99.49 + 18.16
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Table 7. A quantitative summary of the effects of Class I antiarrhythmic drugs on human atrial electrical
activity using the Grandi et al. model.

Model Cell Tissue
dVdtmax(V/s) APD90 (ms) CV (ml/s) WL (mm)
SR 353.19 £50.01 261.84 +58.49 0.45+0.03 118.18 + 27.28
AF 367.42 + 48.68 236.52 £42.76 0.46 +0.03 108.46 + 19.82
Diso_L 365.48 +£48.12 244.62 + 44.82 0.46 £0.03 111.97 + 20.82
Disopyramide Diso_M 364.40 £ 47.98 250.31 £45.44 0.46 £0.03 114.45 +21.17
Diso_H 360.88 £+ 47.65 266.77 £50.21 0.46 £0.03 121.50 + 23.26
Quin_L 356.78 £ 47.21 238.34 £52.20 0.45+0.03 108.11 + 24.16
Quinidine Quin_M 344.65 + 45.97 244,11 £ 65.35 0.45+0.03 109.17 * 29.45
Quin_H 309.11 +42.09 247.18 £57.03 0.43+0.03 105.66 + 26.01
Prop_L 327.77 £43.93 254.35 £57.65 0.44 +£0.03 111.28 + 25.47
Propafenone Prop_M 284.55 + 39.37 257.36 £59.32 0.41+0.03 105.70 + 25.03
Prop_H 251.47 + 35.88 252.69 £51.50 0.39 +0.03 97.86 + 21.21

Collectedly, alterations in WL predicted with the Bai et al. model were different from those
predicted with the Grandi et al. model, but simulated results indicated that disopyramide and
quinidine are more effective than propafenone. In addition, PPCs of 4 CVand 4 WL for ionic
properties (listed in Table 1) are shown in Figure 7-8S and Figure 9-10S in the Supplementary
Material.

3. Discussion

Population-based studies have assessed the influence of common single-nucleotide
polymorphisms related to AF on the response to AAD therapies and showed that carriers of the
variant allele at rs10033646 on chromosome 4q25 responded favorably to the Class I AADs [34]. The
actions of Class I AADs disopyramide, quinidine, and propafenone were assessed in the context of
Pitx2-induced AF using a population-based Quantitative Systems Pharmacology Framework [55].
Through sensitivity and statistical analyses of our atrial cell and tissue populations, we found that
WL prolongation could be achieved by quinidine and disopyramide. This study provides clinically-
relevant insights into the pharmacology of WL prolongation by evaluating and comparing the actions
of all three drugs in the context of Pitx2-induced AF, offering an important step toward in silico
optimization of pharmacological therapy in this context.

3.1 Main findings

The major findings presented in this study are as follows. (1) Populations of models based on
two human atrial AP models are able to mimic a wide range of inter-subject variability in human
atrial AP properties as exhibited in a set of AP measurements from over 379 SR and AF patients. (2)
Pitx2-induced remodelling (as reported in [36]) predicts abbreviated APDs and increased dVdtmax at
the cellular level, and increased CV and shortened WL at the tissue level in SR versus AF conditions,
as reported in experimental studies [17, 59] (Table 2). (3) AP biomarkers (namely APDsoand dVdtmax)
are correlated in both SR and AF cardiomyocytes created with the Bai et al. and the Grandi et al.
models. dVdtmax is primarily determined by Gna, whereas APDw is determined by Gear, Gksand Gki. (4)
AADs disopyramide, quinidine, and propafenone prolonged APDsand decreased dVdtma and CV in
a dose-dependent manner in drug-free versus drug-bound AF conditions. (5) Disopyramide and
quinidine prolonged WL, whereas propafenone shortened WL. Disopyramide and quinidine are
more effective against Pitx2-induced AF than propafenone. A summary of findings regarding pro-
arrhythmic mechanisms of Pitx2-induced AF and anti-arrhythmic actions of selected Class I drugs is
given in Figure 9.
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Figure 9. A summary of findings regarding pro-arrhythmic mechanisms of Pitx2-induced AF and
anti-arrhythmic actions of selected Class I drugs disopyramide, quinidine and propafenone on APD,
dthmux, CV and WL.

3.2 Changes in AP are linked to Pitx2-induced remodelling

Research studies on Pitx2-induced AF have demonstrated that Pitx2-induced remodelling
contributes to atrial cellular electrophysiological changes in AF patients [11, 17, 26]. Experimental
data showed that alterations in human atrial AP included AP shortening and increased upstroke
velocity [59] and our simulated effects of Pitx2-induced remodelling on AP (Table 2 and Table 5) are
concordant with these experimental findings.

Previous experiments on isolated human atrial myocytes have demonstrated that Pitx2-induced
remodelling of ion channels, particularly for Ixs and Ici, may contribute to the clinically significant
association between impaired Pitx2 and AF [26]. Further simulations in our previous study indicated
the Pitx2-induced changes in Ixs and Ica led to APD shortening, facilitating sustained re-entry in 3D
anatomical atrial geometry [30]. Our simulations in the Pitx2-induced AF population of models show
that AP shortening is determined by Ica and Ik, and APD is negatively correlated with Ixs and
positively correlated with Ica (Figure 4). This is consistent with findings from previous studies that
upregulation of Ixs and downregulation of Ic.. due to Pitx2-induced remodelling critically contribute
to the abbreviation of APD [30, 33].

Furthermore, increased upstroke velocity in Pitx2-induced AF may be resulted from remodelled
Ine arising from impaired Pitx2. Previous experiments in atrial cardiomyocytes of Pitx2-deleted mice
showed increased action potential amplitude and shortened APD [17]. Further gene analysis showed
that reduced Pitx2 dose caused an increase in the expression of SCN5SA [17] encoding the alpha
subunit of the human cardiac voltage-gated sodium channel (Ins). In addition, an increase in the
mRNA level of SCN1B encoding a beta-1 subunit of voltage-gated sodium channels (In)) was
observed in patients with familial AF arising from the Pitx2c mutation p.Met207Val [61]. Decreased
mRNA levels of SCN5A and SCN1B were also observed in atrial-specific Pitx2 mutant mice [22, 25],
but changes in T-box transcription factor Tbx5 was not investigated and downregulation of sodium
channel genes may be resulted from impaired Tbx5. Previous experiments in atrial cardiomyocytes
of Tbx5-deleted mice showed reduced Pitx2 and sodium channel genes although reduced Pitx2
without alterations in Tbx5 caused an increase in sodium channel genes [17]. Based on these data on
remodelled Ina due to impaired Pitx2, Pitx2-induced AF model was developed and predicted an


https://doi.org/10.20944/preprints202011.0616.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 November 2020 d0i:10.20944/preprints202011.0616.v1

15 of 31

increase in action potential amplitude and maximum upstroke velocity [36]. Consistent with these
findings, our simulations in the Pitx2-induced AF population of models show that increased upstroke
velocity is determined by In. and is positively correlated with In. (Figure 4). Further simulations at
the tissue level predicted that increased In led to fast conduction of AP propagation.

3.3 Anti-arrhythmic effects of Class I drugs in Pitx2-induced AF

Despite the prevalence of AF and decades of research, antiarrhythmic therapies for AF continue
to have limited efficacy and safety [35]. A population-based study assessed the influence of AF-
associated loci on the response to antiarrhythmic drug therapies and showed that carriers of the
variant allele at rs10033646 on chromosome 4q25 (Pitx2) responded favorably to Class I AADs [34].
And Class I AADs frequently used clinically include flecainide, disopyramide, quinidine and
propafenone [35]. Anti-arrhythmic effects of flecainide on Pitx2-induced AF were investigated in our
previous study and simulation results indicated that flecainide has antiarrhythmic effects on AF due
to impaired Pitx2 by preventing spontaneous calcium release and increasing wavelength [36]. In the
present study, the effectiveness of disopyramide, quinidine and propafenone was assessed with WL.
Simulated results showed that disopyramide and quinidine were moderately effective by prolonging
WL, whereas propafenone was shown to be ineffective by abbreviating WL in Pitx2-induced AF
(Table 6). WL is the product of APDw and CV. Increased APDw (Figure 5) and decreased CV (Figure
7) occurred upon the application of disopyramide, quinidine and propafenone. Under the application
of disopyramide or quinidine, the extent of AP prolongation is larger than the degree of CV reduction,
resulting in an increase in WL. In contrast, the extent of CV reduction is much larger than the degree
of AP prolongation, leading to a reduction in WL. Alterations in WL can be linked to block effects of
Class I drugs on ion channels (Table 4) which included Gns, Geat, Gto, Gks, Gkr, Grurand Gki. Under the
application of Class I drugs in Pitx2-induced AF, inhibition of sodium currents would decrease
dVdtmx and thereby reduce CV, while block of potassium currents would prolong APDw. Therefore,
the antiarrhythmic effects of Class I drugs in Pitx2-induced AF can be attributed to their potent block
of sodium and potassium channels. And the effectiveness of drugs is determined by the extent of
their block effects on sodium and potassium channels. Therefore, disopyramide and quinidine are
more effective than propafenone in Pitx2-induced AF and this is because the extent of their block
effects on potassium channels is larger than that on sodium channels. Collectively, our results
demonstrate that a combined block of sodium and potassium currents can exert synergistic
antiarrhythmic effects and therefore is a valuable therapeutic for Pitx2-induced AF.

3.4 Model- and AP-shape independence of prediction of the antiarrhythmic effects of Class I drugs

It is well known that human atrial myocytes display two distinct AP morphologies: the type-1
AP shows a notch-and-dome morphology and the type-3 AP shows a typical triangular morphology
[59, 62]. Therefore, Bai et al. model displaying the type-1 AP [27] and Grandi et al. model displaying
the type-3 AP [60] were chosen to generate populations of human atrial AP. According to the
stimulation protocol (1Hz) used in experiments [59], we ran simulations and reproduced Pitx2-
induced AP morphology, with both dVdtwsx increase and AP shortening being reported
experimentally [59]. Further simulations predicted the antiarrhythmic effects of Class I drugs on
APDg and dVdtmsx, but their effects are dependent on baseline AP morphology [88, 89] seen in
previous modelling [55]. While some of the differences in model responses might be related to distinct
AP morphologies, we cannot exclude model-dependencies due to distinct cellular model structure
and models of ionic and calcium handling processes. Interestingly, analyses using both models
demonstrated that these Class I drugs disopyramide, quinidine and propafenone prolonged APDso
and reduced dVdtm:x in a dose-dependent manner. Therefore, these results demonstrated that these
Class I drugs consistently produced anti-AF effects independent of the baseline electrophysiological
characteristics.

Although Class I drugs disopyramide, quinidine and propafenone produced similar anti-AF
effects (AP prolongation and dVdtmxand CV reduction), the degree of changes in APDsand dVdtmax is
different between Bai et al. model and Grandi et al. model. According to the extents of dVdtm» and
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CV reduction, drugs with both Bai et al. and Grandi et al. models are sorted as propafenone>
quinidine>disopyramide. However, based on the degrees of AP prolongation, drug ranking obtained
with the Bai et al. model is quinidine> disopyramide> propafenone, whereas drugs whose effects
were predicted with the Grandi et al. model are ranked as disopyramide> quinidine> propafenone.
Different alterations in CV and APDw leading to different changes in WL, which can be used as one
of the indexes for evaluating the antiarrhythmic effects of drugs at the tissue level [55]. If the extent
of AP prolongation is larger than that of CV reduction, WL is prolonged. Conversely, WL is shortened.
For the Bai et al., model, WL is prolonged upon application of quinidine and disopyramide, but is
shortened upon application of propafenone. However, for the Grandi et al. model, WL upon
application of disopyramide at various concentrations, quinidine at low and medium concentrations
and propafenone at the low concentration is prolonged, but is shortened upon application of
quinidine at the high concentration and propafenone at medium and high concentrations. Based on
alterations in WL, drug ranking obtained with the Bai et al. model is quinidine> disopyramide>
propafenone, whereas drugs are sorted as disopyramide>quinidine> propafenone for the Grandi et
al. model. Therefore, analyses using both models demonstrated that quinidine and disopyramide are
more effective against Pitx2-induced AF than propafenone.

3.5 Limitations and Future Work

Several limitations specific to this study are addressed here. Firstly, the electrophysiological
representation of AF-induced remodelling in the human atrial AP model is based on data from
previous mice models of Pitx2-induced AF, however, because of the lack of experimental data on
humans. Special attention must be paid to the differences between mice and human atrial cells [90].
Further, we simulated AF model populations with all identified targets associated with impaired
Pitx2 [11, 17, 18, 22, 23, 26]. However, Pitx2-induced remodelling is different in published
experimental studies [11, 17, 18, 22, 23, 26], atrial cell types [11], AF stages [91] and AF patients with
different age [92]. The complexity of Pitx2-induced remodelling may present complex responses to
these Class I drugs and require more realistic heterogenous descriptions in cellular and tissue
simulations. Secondly, effects of these Class I AADs on ion currents were modelled by changing
maximum current conductances with a simple pore block scheme based on ICsoand nH values, but it
might be important to incorporate state-dependence and use-dependence of antiarrhythmic drugs in
evaluating realistic compounds [37, 63, 87]. Model variations for these characteristics (including the
affinity of the drug compound to various gating modalities, binding kinetics, drug polarity, charge
for the drug-channel interaction and so on) are far beyond the scope of the current study and should
be explored in future studies. In addition, ICs values are chosen based on experimental data from
atrial cells (where data are available) and large ventricular cells (where atrial data are not available),
but the large variability in ICs0 was influenced by various experimental conditions, including
different species, different cell types [93], temperature [94], ionic concentrations and voltage-clamp
protocols. Therefore, special attention should be paid to explain our simulated results. Thirdly,
considering the stimulation protocol used under the experimental conditions [59], we performed all
simulations only at 1Hz and rate-dependent APD modulation will be further investigated when
experimental data at different frequencies are available. Here, we only used APDso, APD, RMP and
dVdtmx as biomarkers to calibrate populations of human atrial AP models. And parameter
unidentifiability, which can be attenuated if broader experimental datasets are available, is a potential
limitation. Finally, we analyzed the effects of Class I drugs by quantifying changes in APD9 and
dVdtmax at the cellular level and CV and WL in tissue. This approach is consistent with the accepted
mechanisms of action of Class I drugs and is limited in that it didn’t account for composite metrics,
including calcium-associated biomarkers, afterdepolarizations, alternans and AP propagation
dynamics. Nevertheless, mechanisms underlying actions of Class I drugs are highly complex and
future investigations should be carried out.
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4. Materials and Methods

4.1. Experimantal dataset

The Experimental dataset on AP recordings was used in the present study for calibration of the
human atrial electrophysiology. The data set published in the previous study [59] comprised of 480
instances from 379 patients: AP recordings from n=256 right atrial appendages of N =221 SR
patients and from n=224 right atrial appendages of N =158 AF patients. Human myocytes were
isolated enzymatically from atrial appendages and APs were recorded with standard intracellular
microelectrodes in atrial trabeculae. Preparations were electrically stimulated at a single constant rate
of 1 Hz for 60 min with isolated square-wave stimuli of 1 ms duration, two times threshold intensity.
Obtained human atrial APs displayed spike-and-dome and a more triangular conformation. The
following parameters were quantified to characterize intersubject variability in human atrial AP:
AdVdtmex, RMP, and APDso and APDs. Compared with APs of SR myocytes, APDs and APDs were
reduced and dVdtm was increased for APs of AF atrial cells (Table 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 Ravens et al [59].

4.2. Mathematical models representing distinct morphological subtypes of human atrial AP

To represent spike-and-dome and a triangular conformation of human atrial APs observed in
experiments [59, 62], the Bai et al. model displaying a type-1 AP with notch-and-dome morphology
and the Grandi et al. model displaying a type-3 AP with typical triangular shape were chosen as a
base to construct the computational AP model populations.

The Bai et al. model developed by our group is able to reproduce human AP morphology, APD
rate dependence and triggered activity, ie. early afterdepolarizations (EADs), delayed
afterdepolarizations (DADs) and spontaneous depolarizations [27]. This biophysically-detailed
model of human atrial cellular electrophysiology also has been used to investigate mechanisms
underlying Pitx2-induced AF and here we provide a brief description. It includes representation of
the 13 transmembrane ionic currents and 2 main intracellular calcium flows, including fast sodium
current (Ins), transient outward potassium current (I»), rapid delayed rectifier potassium current (Ixr),
slow delayed rectifier potassium current (Ixs), ultrarapid delayed rectifier potassium current (Ixu),
inward rectifier potassium current (Ix1), L-type calcium current (Ici), background sodium current
(Iena), background calcium current (Isce), plateau potassium current (Irk), plateau calcium current
(Irca), sodium-potassium pump current (Ink), sodium-calcium exchange current (In.), the calcium
flow (lup) through the sarcoplasmic reticulum calcium ATPase (SERCA) and calcium release flow (Ir).

Comparative simulations were carried out using the human atrial cell model of Grandi et al. [60,
95] (GB model). The baseline GB model was modified to generate the Grandi et al. model to facilitate
AP propagation in tissue by replacing In. formulation with that of the human cell model [96, 97]. The
Grandi et al. model includes representation of the 18 transmembrane ionic currents and 2 main
intracellular calcium flows, including lw, Ixr, Ixs, Ixur, Ix1, Icar, IeNe, IBco, IPK, Ipca, INak, INcx, Lup, Ira, sodium
current through the L-type calcium channel (Icava), potassium current through the L-type calcium
channel (Ick), calcium-activated chloride current (lacs), background chloride current (Iec), late
sodium current (In.) and Ine. This In» model [96, 97] is given by

Ing = Gygm*hj(Vy, — Eng) )

Mg = 1.0/[1.0 + e{75686Vm)/9.03]2 )

Ty ={1.0/[1.0 + 60=Vm)/51}{0.1/[1.0 + eVm*35/5] 4+ 0.1/[1.0 + e{Vm=50)/200]} 3)
he, = 1.0/[1.0 + e{7155+Vm)/743]2 (4)

an =0 (V,, = —40) )
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a, = 0.057e~ym*80)/68 (< _40)
Br = 0.77/[0.13(1.0 + e~ (Vm*+1066)/1L1y] (7 > —40) ©
By = 2.7€%07%m + 31000023485V (|7 < —40)
7, = 1.0/(an + Br) )
joo — 10/[10 + e(71.55+Vm)/7.43]2 (8)
a; =0 (V, = —40)
a; = (—25428e%2**Vm 4 0.000006948e~*04391Vm) (1, + 37.78)/(1.0 )
+ e0.311(79.23+Vm)) (Vm < _40)
B; = 0.6e%057"m /(1.0 + e~01B32HVm)) (1, > —40)
(10)
ﬂj — 0.024246_0'01052Vm/(1.0 + e—0.1378(4—0.14+Vm))(Vm < _40)

where Gy,(14.838 nS/pF) is the maximal conductance, m, h and j are three gate variables for In.. 1,
is the membrane potential, and Ey,is the sodium equilibrium potential. my, he, and j, denote
steady-state activation, steady-state inactivation and steady-state inactivation, respectively.t,,
7p and 7; are the time constants for m.,, ho, and j,, respectively.

Based on these models of ion channels, the electrophysiological behavior of human atrial cells
can be modelled with the following differential equation:

de/dt = —(jon + Istim)/Cm (12)

where V], is the membrane potential, t is time, [;,, is the total sum of transmembrane ionic currents
(listed in Table 1), I, is the externally applied stimulus current with amplitude of -80 uA/uFand
a duration of 0.5 ms, and C,, is the membrane capacitance (1 uF).

In order to investigate the electrophysiological behavior of human atrial tissues, a multicellular
model of homogeneous atrial tissue with 200 nodes spaced evenly by 0.15 mm was constructed to
quantify APDs and CV for calculating WL. The propagation of APs was governed by the partial
differential equation:

Vi, /dt = —(lion + Istim)/Cm*+D (aZVm/axZ) (13)

where D is a scalar coefficient describing the intercellular electrical coupling via gap junctions. In
simulations, D was set to be a constant value of 0.154 mm?ms~! that gavea CV of 0.65 m/s for the
Bai et al. model and 0.59 m/s for the Grandi et al. model. The resulting CVs were comparable to
those seen in atrial tissue [98, 99]. Time (t) step was 0.02 ms for the Bai et al. model and 0.005 ms for
the Grandi et al. model, respectively.

4.3. Modelling Pitx2-induced AF

To obtain human AF myocytes models that reproduced the experimentally observed changes in
the mRNA levels corresponding to key proteins under Pitx2-induced electrical remodelling
conditions, we assumed that these changes in mRNA expression are quantitatively reflected at the
final functional level of ion channels [29] and incorporated alterations in the maximal conductances
of ionic currents due to Pitx2-induced electrical remodelling into the Bai et al. (or the Grandi et al.)
model. These Pitx2-induced changes in the ionic channel properties have been well characterized in
many experimental studies [17, 18, 23-26, 61]. However, the identified targets were different among
these studies: while several studies showed no Pitx2-associated changes [18] and reductions [22, 25]
in sodium channel gene expression, significant increases [17, 61] in this channel gene expression have
also been well-documented. Similarly, calcium channel gene expression was found decreased in this
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study[12], but increased in others [22, 23, 25, 26]. Further, whereas overexpression of potassium gene
encoding Ix: was identified in the study of Kirchhof et al.[11], underexpression of this gene was
observed in some studies [18, 22]. In addition, all these studies have shown upregulation of genes
encoding Iks[11, 12, 15, 26, 61], I«[12, 17, 23, 25]and 1[22, 24, 67, 70, 71]. Modifications made for each
model are summarized in Table 3.

4.4. Simulations of actions of Calss I AADs in Pitx2-induced AF

In our previous studies [37, 87], the actions of Class I AADs disopyramide, quinidine and
propafenone on human atrial electrophysiology were simulated in the setting of hERG-linked short
QT syndrome[37]. The effects of these Class I AADs on ion currents were modelled by changing
maximum current conductances with a simple pore block scheme based on ICso and nH [31].
Maximum current conductances associated with these drugs included Gws, Gear, Gro, Gks, Gkr, Grurand
Gri. For disopyramide, as measured in previous studies, values of ICso for Gna, Gear, Gro, Gks, Gkrand
Grur, respectively, were taken to be 168.4 uM [65], 1036.7 uM [65], 20.9 uM [69], 88.1 uM [72],
14.4 uM [65] and 25.0uM [75]. For quinidine, as observed in experimental studies, Gni, Geat, Gto, Gk,
Gxr, Grwr and Gk1 were decreased with an ICso of 14.6uM [65], 14.9uM [67], 21.8uM [70], 44.0uM [73],
0.72uM [65], 6.6uM [70] and 42.6uM [70], respectively. Propafenone decreased Gns, Gea, Gro, Gkr, Gkur
and Gx: with an ICso of 1.2uM [66], 1.7uM [68], 4.8uM [71], 2.0uM [74], 4.4uM [76] and 16.8uM [77],
respectively. Taking into account plasma protein binging, estimates of the most likely unbound
concentrations of disopyramide, quinidine and propafenone have been given as 1-15 uM [86, 100], 1-
15 uM [86,100] and 0.15-1 uM[83-85]. The effects of low (L), medium (M) and high (H) doses within
the therapeutic ranges of disopyramide (Diso_L: 1.0, Diso_M: 2.0 and Diso_H: 5.0 uM), quinidine
(Quin_L: 1.0, Quin_M: 2.0 and Quin_H: 5.0 pM)) and propafenone ((Prop_L: 0.2, Prop_M: 0.5 and
Prop_H: 0.8 uM)) were studies.

4.5. Generation and calibration of populations of models

To capture intersubject variability, populations of sampled models of human atrial
electrophysiology for SR were generated based on the Bai et al. and the Grandi et al. models. 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 independently varied following a log-normal distribution and sigma was set to be
0.2 to cover a range of variability similar to that seen in experiments based on previous studies [41,
55, 63, 64]. The size of the SR population was set to be 1200 for convergence of the sensitivity
coefficients [101]. 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 [102] 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 (1Hz) under the experimental
conditions [59] and calculate AP biomarkers of each candidate model. The candidate models
generated in the previous step were selected to constitute the SR population whose simulated
electrophysiological properties are within 3 standard error from the mean experimental values in SR
patient data on AP biomarkers (including dVdtu., RMP, APDso and APDs) in Table 2. This step yields
the experimentally-calibrated population of models. Modifications to ionic currents due to Pitx2-
induced remodelling (Table 3) were introduced into SR model variants to generate the candidate AF
models. These candidate AF models were calibrated to 3 standard error from the mean experimental
values in AF patient data (Table 2). Then, actions of Class I AADs on ion channels were incorporated
into the experimentally-calibrated AF models to investigate their effects on dVdtmaw, APDs, CV and
WL.
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4.6. Simulation protocols

The stimulation protocol mimics the one used by Ravens et al.[59] to obtain AP measurements
in SR and AF cardiomyocytes. Cell mathematical models were initially preconditioned by pacing at
a basic cycle length of 1000 ms until the steady-state was reached. A stimulus with an amplitude of
-80 pA/uF and a duration of 0.5 ms is applied at each pace.

Considering computational cost for reaching steady-state, a series of 10 conditioning waves was
initiated by supra-threshold stimuli with an amplitude of -80 uA/uF and a duration of 1.0 ms to the
3 nodes at the strand end. The last beat was recorded for APDs and CV analysis.

4.7. Sensitivity analysis

To quantify the relative importance of ionic conductances in determining changes in AP
biomarkers, PCCs were used on the SR and AF populations to evaluate the role of each ionic current
[101]. Partial correlation is a method to find correlations between two variables, after accounting for
the linear effects of one or more additional variables [103]. 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—X% and n,=y—9 [101]. £ and J are the respective sample means or the following linear
regression models:

N N
2=co+ Z cz, and 9 =bhy+ Z bz (14)
i=1 i=1
Cov(ry, 17
PPC(x,y,z;) = M (15)
Var(rx)Var(ry)

where Cov(r,1,) represents the covariance between 7, and 7,, while Var(r,) and Var(n,) are
respectively the variance of 7, and variance of 7.

4.7. Software, numerical methods and statistical analysis

The Bai et al. (available from the repository CellML http://models.cellml.org/workspace/520)and
the Grandi et al. models (freely available at https://github.com/drgrandilab) was implemented in
MATLAB 2018a (The MathWorks, Natick, MA, USA) using the stiff ordinary differential equation
solver odel5s and analysis of biomarkers was also performed using MATLAB. In addition, the 1D
models were implemented in C++. The ODEs were solved using the Forward Euler method. 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). 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. 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.

5. Conclusions

In conclusion, populations of models reproduce the variability in human atrial AP properties
measured in samples obtained from patients and AF models predict AP shortening and fast
conduction in Pitx2-induced remodelling conditions observed in experiments. State-of-the-art
Quantitative Systems Pharmacological simulations demonstrated that disopyramide, quinidine and
propafenone produce AP prolongation and slow conduction in the setting of Pitx2-induced AF.
However, disopyramide and quinidine were more effective in prolonging WL than propafenone.
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Abbreviations
AF atrial fibrillation
GWAS genome-wide association studies
Pitx2 paired-like homeodomain transcription factor 2
AAD antiarrhythmic drug
AP action potential
APD AP duration
AVdtmax maximum upstroke velocity
cv conduction velocity
WL wavelength
SR sinus rhythm
RMP resting membrane potential
APD:so AP duration at 50%
APDso AP duration at 90%
ICso half-maximal inhibitory concentration
nH Hill-coefficient value
PCC partial correlation coefficient
Prop_L low dose of propafenone

Prop_M  medium dose of propafenone
Prop_H high dose of propafenone
Diso_L low dose of disopyramide
Diso_M  medium dose of disopyramide
Diso_H high dose of disopyramide
Quin_L low dose of quinidine
Quin_M medium dose of quinidine
Quin_H  high dose of quinidine

1D one-dimensional

INa fast sodium current

Iio transient outward potassium current

Ixr rapid delayed rectifier potassium current

Ixs slow delayed rectifier potassium current

Ixur ultrarapid delayed rectifier potassium current

Ix1 inward rectifier potassium current

Ica L-type calcium current

IBNa background sodium current

IBca background calcium current

Irx plateau potassium current

Iprca plateau calcium current

Inax sodium-potassium pump current

INee sodium-calcium exchange current

Tup the calcium flow through the sarcoplasmic reticulum calcium ATPase (SERCA)
Lrel calcium release flow

Icana sodium current through the L-type calcium channel

Icax potassium current through the L-type calcium channel
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Icica calcium-activated chloride current
Ipci background chloride current
INaL late sodium current
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