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Abstract Atrial fibrillation (AF) is related to mutations at

the genetic level. This includes mutations in genes that

encode KCNQ1, a subunit of the IKs channel. Here, we

investigate the mechanism of gain-of-function in IKs
towards the occurrence of AF. We used the Courtemanche–

Ramirez–Nattel (CRN) human atrial cell model (Am J

Physiol Heart Circ Physiol 275:H301–H321, 1998) and

applied the modification proposed by Hasegawa et al.

(Heart Rhythm 11:67–75, 2014) to fit the behavior of IKs
due to the G229D mutation in KCNQ1 under a heterozy-

gous mutant form. This was incorporated into two-(2D)

and three-dimensional (3D) tissue models, where the

mutation sustained a reentrant wave. However, under the

wild-type condition, the reentrant wave terminated before

the end of our simulations (in 2D, the spiral wave termi-

nated before 10 s, while in 3D, the spiral wave terminated

before 13 s). Sustained reentry under the mutation condi-

tions also resulted in a spiral wave breakup in the 3D

model, which was sustained until the end of the simulation

(20 s), indicating AF.

Keywords Atrial fibrillation � Arrhythmia � Gene
mutation � KCNQ1

Introduction

Atrial fibrillation (AF) is the most commonly sustained

cardiac arrhythmia, and causes morbidity and mortality.

AF is characterized by rapid and irregular activation of the

atrium, so that the heart cannot pump blood effectively to

the ventricle. Therefore, AF can increase the probability of

blood clotting in the atria, and hence the risk of stroke [1].

Several diseases possibly promote AF, including congeni-

tal heart disease, congestive heart failure, and hypertension

[2]; however, AF may also occur without these diseases. It

has been shown that this (also known as idiopathic or lone

AF) is influenced by genetic factors [3, 4].

In 2003, Chen et al. [4] reported a correlation between

gene mutation and the behavior of IKs. The mutation

resulted in a change of the amino acid serine to glycine at

position 140 (S140G) in transmembrane segment 4 of

KCNQ1 resulting in the gain-of-function of IKs. Gain-of-

function of IKs was also observed as the effect of a novel

KCNQ1 mutation that was reported by Hasegawa et al. [5]

in 2014. This mutation caused an amino acid change from

glycine to aspartic acid at position 229 in transmembrane

segment 4 of KCNQ1 (see G229D in Fig. 1). To investi-

gate the role of the G229D mutation, Hasegawa et al. [5]

carried out electrophysiological experiments and computer

simulations using a one-dimensional (1D) model. Hase-

gawa et al. [5] concluded that the mutation shortened the

action potential (AP) duration (APD) in the atria, inducing

AF. However, they did not show how the reduction in APD

affected the occurrence of AF. As the simulations carried

out in that study were in 1D, they could not mimic the

reentrant dynamics. However, AF occurs in three-dimen-

sional (3D) spaces such as the atria tissue, and therefore, a

3D simulation should be carried out to investigate AF due

to the mutation.
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Several studies have been carried out to simulate AF

phenomena using either two-dimensional (2D) or 3D

models [6–8], but not for the G229D mutation. The pur-

pose of this study was to investigate the effects of the

G229D mutation on AF using both 2D and 3D computa-

tional models of the human atria.

Methods

Human atrial cell model

Many researchers have developed mathematical models of

ion transport through cardiac cell membranes. These

include human ventricular models [9, 10], and human atrial

models [11, 12]. Here, we used the Courtemanche–

Ramirez–Nattel (CRN) human atrial cell model [11].

Membrane potential behavior of a single cell was described

using following relation:

dVm

dt
¼ �ðIion þ IstimÞ

Cm

ð1Þ

where Vm (mV) is the membrane potential, t the time (ms),

Iion (pA/pF) the total ionic current, and Istim (pA/pF) is the

total stimulus current flowing across the membrane. The

total ionic current in the CRN model is given by

Iion ¼ INa þ IK1 þ Ito þ IKur þ IKr þ IKs þ ICa;L þ Ip;Ca

þ INaK þ INaCa þ Ib;Na þ Ib;Ca; ð2Þ

Fig. 1 Schematic

representation of the ionic

channels, pump, and exchanger

in the CRN model. Ib,Ca
background Ca2? current, ICa,L
L-type Ca2? current, INaK Na?/

K? pump current, Ip,Ca
sarcolemmal Ca2? pump

current, INaCa Na
?/Ca2?

exchanger current, INa fast

inward Na? current, Ib,Na
background Na? current, IKr
rapid component of delayed

rectifier K? current, IKur ultra-

rapid component of delayed

rectifier K? current, IKs slow

component of delayed rectifier

K? current, Ito transient-

outward K? current, IK1 inward

rectifier K? current. The

squares illustrate ionic channels

and transporters (only for Iup
and Ip,Ca), and circles illustrate

ionic exchangers. The empty

symbols correspond to channels

and Na?/Ca? exchanger that do

not require ATP, and the filled

symbols correspond to ionic

transporters and Na?/K? pump

that require ATP. E1

transmembrane domain in

KCNE1, S1–S6 transmembrane

segments in KCNQ1, and P P-

loop in KCNQ1
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where INa is Na
? current. The K? currents consist of IK1,

Ito, IKur, IKr, and IKs, which represent contributions of the

inward rectifier current, transient outward current, ultra-

rapid component of delayed rectifier current, rapid com-

ponent of delayed rectifier current, and slow component of

delayed rectifier current, respectively. The term ICa,L rep-

resents the L-type Ca2? current, and Ip,Ca is the sar-

colemmal Ca2? pump current. The terms INaK and INaCa are

the Na?/K? pump current and Na?/Ca2? exchanger cur-

rent, respectively, and Ib,Na and Ib,Ca are the background

Na? and Ca2? currents, respectively. This model keeps

track of the concentration of various ions inside the cell,

and the concentration of ions outside the cell is assumed to

be fixed (see Table 1). Figure 1 shows an illustration of

various ionic channels in the CRN model.

G229D KCNQ1 mutation in the IKs channel

The CRN model is suitable for the study of reentrant

arrhythmia in the human atrium [8, 13]. However, to

investigate the effects of the G229D mutation in the human

atrial model, a modification to the IKs the current model is

necessary to fit the experimental data provided by Hase-

gawa et al. [5] as given by Eqs. (3–5).

IKs ¼ gKs � 1þ 0:6

1þ 3:8�10�5

½Ca2þ�i

� �1:4

0
BBB@

1
CCCA � xs1 � xs2 � ðV � EkÞ;

ð3Þ
dxs1

dt
¼ ðxs;1 � xs1Þ

sxs1
ð4Þ

and

dxs2

dt
¼ ðxs;1 � xs2Þ

sxs2
; ð5Þ

where [Ca2?]i (mM) is the intracellular Ca2? concentra-

tion, xs1 and xs2 are the activation and deactivation gates of

IKs, respectively, xs,? is the steady-state value of the xs1
and xs2 gates, sxs1 is a time constant for xs1, and sxs2 is the
time constant of xs2. We used gKs = 0.0136 nS pF-1 for

this study. Both the wild-type (WT) and mutation condi-

tions of IKs were modeled using Eqs. (3–5). The difference

between the WT and mutation conditions was described

using xs1 and xs2 kinetic formulas. For WT conditions,

time-dependent behaviors of xs1 and xs2 can be calculated

using the following relations:

xs;1 ¼ 1

1þ expð� Vmþ28:8
15:45 Þ

; ð6Þ

sxs1 ¼326:9

þ 0:4

2:326�10�4 �expðVmþ65:5
17:8 Þþ1:292�10�3 �expð�Vmþ227:2

230
Þ

ð7Þ

and

sxs2 ¼
5

0:01 � expðVm�50
100

Þ þ 0:0193 � expð� Vmþ66:54
155

Þ
; ð8Þ

with the mutation, time-dependent behaviors of xs1 and xs2
can be calculated using:

xs;1 ¼ 0:85

1þ expð� Vmþ82:8
41:72 Þ

; ð9Þ

sxs1 ¼326:9

þ 0:4

2:326�10�4 �expðVmþ119:5
17:8 Þþ1:292�10�3 �expð�Vmþ281:2

230
Þ

ð10Þ

and

sxs2 ¼
5

0:01 � expðVm�50
100

Þ þ 0:0193 � expð� Vmþ66:54
155

Þ
ð11Þ

The IKs modification induced changes in the resting state

values of some variables. Table 2 shows the initial values

used for this work.

2D and 3D human atrial tissue models

Cardiac electrophysiological models mimic the electrical

conduction phenomena of the AP in cardiac tissue using an

electrical conduction equation that is based on continuum

mechanics. A partial differential equation for the passive

electrical conduction and an ordinary differential equation

for the active ionic conduction were coupled to simulate

active wave propagation through atrial tissue:

oVm

ot
¼ 1

bCm

ðr � ~rlrVm þr � ~rerheÞ �
1

Cm

ðIionðVm; ~nÞ � IstimÞ;

ð12Þ

where Vm is the membrane potential, t the time, b the

surface to volume ration, Cm the total membrane capaci-

tance, ~rl the intracellular conductivity, ~re the extracellular

conductivity, he the extracellular potential, ~n the gating

variables of ionic channels, and Iion and Istim are the total

Table 1 Ionic concentrations outside the cell [11]

Symbols Definition Value (mM)

[K?]o Extracellular K? concentration 5.4

[Na?]o Extracellular Na? concentration 140

[Ca2?]o Extracellular Ca2? concentration 1.8
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ionic current and the stimulus current flowing across the

membrane, respectively. Table 3 provides more detail

about the units and constants used in this equation.

Two IKs models were used in this study, including the

WT and G229D mutation IKs models. The CRN cell model

was incorporated into the 2D and 3D human atrial models.

For the 2D simulations, a time step of Dt = 0.01 ms was

used, together with a spatial discretization of

Dx = Dy = 0.02 cm, and the simulated tissue was

15 9 15 cm in extent. We previously validated this sim-

ulation method using 3D simulation studies of human

cardiac tissue [14]. A 3D human atrial model was acquired

from the Yonsei Severance Hospital (Sinchon-dong, Seo-

daemun District, South Korea). The model was discretized

using prismatic meshes and represented a human left

atrium. The model consisted of 452,140 nodes and 904,276

elements, as shown in Fig. 2b.

Simulation protocol

Single-cell simulations were carried out using a dynamic

restitution protocol [15]. The stimuli used were currents

with amplitude of 30 pA/pF and a 1-ms duration. Stimuli

were applied at an assigned basic cycle length (BCL); we

used a BCL of 700 ms. After 20 stimuli were applied, the

APDs were obtained from the final two APs. The BCL was

then reduced, and the stimuli were again applied 20 times,

where the APDs were obtained from the final two APs. The

BCL was decremented in steps of 10 ms until it reached

200 ms, and then decremented by 2 ms for BCLs of

\200 ms. APD restitution (APDR) curves were obtained

using two methods: the first was by plotting the measured

APD on the y-axis and BCL on the x-axis, and the second

was by plotting the APD on the y-axis and diastolic interval

(DI) on the x-axis [15]. Here, we used the APD90 (90 %

repolarized from the peak potential).

2D and 3D simulations were carried out according to the

S1–S2 protocol [10]. With the 2D simulations, a stimulus

was applied to the tissue model three times with the same

BCL (S1)—here we use a BCL of 700 ms—in an area

located in the most left of the tissue (it was similar to a

15 cm long vertical line), producing a planar wave. A

second stimulus (S2) was then delivered with a shorter

Table 2 Initial conditions (state variables of the model at rest)

Variables Meanings WT G229D

Vm Transmembrane potential -80.014379 -81.070174

[Ca2?]rel Ca2? concentration in the release compartment of sarcoplasmic reticulum 0.863814 0.691449

[Ca2?]up Ca2? concentration in the uptake compartment of sarcoplasmic reticulum 1.261672 1.069364

[Ca2?]i Intracellular concentration of Ca2? 0.000086 0.000076

D Activation gating variable for ICa,L 0.000158 0.000139

F Voltage-dependent inactivation gating variable for ICa,L 0.922605 0.944760

fCa Ca2?-dependent inactivation gating variable for ICa,L 0.801987 0.820722

H Fast inactivation gating variables for INa 0.954704 0.964019

J Slow inactivation gating variable for INa 0.969690 0.976730

M Activation gating variable for INa 0.003522 0.002962

oa Activation gating variable for Ito 0.032465 0.030624

oi Inactivation gating variable for Ito 0.999052 0.999225

ua Activation gating variable for IKur 0.005606 0.005025

ui Inactivation gating variable for IKur 0.988124 0.990177

u Activation gating variable for Irel 0.0 0.0

v Ca2? flux-dependent inactivation gating variable for Irel 1.0 1.0

w Voltage-dependent inactivation gating variable for Irel 0.999142 0.999193

xr Activation gating variable for IKr 0.002523 0.001064

xs Activation gating variable for IKs 0.020524 0.019298

Table 3 Units and constants for Eq. (12)

Symbols Meaning Values Units

Vm Membrane potential – mV

t Time – ms

b Surface to volume ratio 0.2 lm-1

Cm Total membrane capacitance 2 lF/cm2

~rl Intracellular conductivity 0.00154 cm2/ms

~re Extracellular conductivity 0.000543 cm2/ms

he Extracellular potential mV

~n Gating variables of ionic channels – –

Iion Total ionic current pA/pF

Istim Total stimulus current pA/pF
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BCL than the first three stimuli. The S2 stimulus was

applied to an area of 7.5 9 7.5 cm with rectangle-like

shape located in the left bottom corner of the tissue. If the

duration of the S2 BCL is sufficiently long, the resulting

wave will propagate in all directions and disappear.

However, for some S1–S2 intervals, the electrical wave

will only propagate in one direction, since the area in other

direction will still be in the refractory period. Once the

previously depolarized area is repolarized, the wave will

then propagate to that area, and reentry will occur. If the

duration of S2 BCL is too short, S2 will fail to create a

propagating wave since the tissue in the S2 area will still be

in the refractory period. Figure 2c shows the protocol

applied in the 2D tissue model.

In the 3D tissue model, the S1–S2 protocol was applied

as shown in Fig. 2d. Stimuli were applied in the right upper

part of the left atrium around the Bachmann’s bundle is

located three times with the same BCL. Here we used BCL

of 700 ms as for the S1 BCL. These stimuli will produce

waves that propagate in all directions. At the third wave,

some areas will be forced back to the resting potential. The

depolarization will then propagate to the repolarized tissue

area and initialize the occurrence of the reentrant wave.

Results

The measured APD90 was 296 and 225 ms for the WT and

mutation, respectively, as shown in Fig. 3a. The APD

shortening induced by this mutation was more significant

than the APD shortening induced by the V141M mutation

[16], and was less significant than the APD shortening

induced by V241F [17] and S140G [6] mutations. Under

G229D mutation conditions, IKs was higher than in WT IKs
condition, as shown in Fig. 3c. This effect was consistent

with the results from the study of Hasegawa et al. [5]. The

mutation also induced significant changes in some other

currents in addition to IKs, including IKr (see Fig. 3d), IK1
(see Fig. 3g), IKur (see Fig. 3h), Ib,Ca (see Fig. 3i), and Ib,Na
(see Fig. 3j).

The APDR curves shown in Fig. 4a and b reveal shorter

APDs with the G229D mutation for all BCL and DI ranges.

Alternans and steep restitution were not observed under

both WT and mutation conditions.

Figure 5 shows the transmembrane potential map for 2D

simulations using an S1–S2 interval of 400 ms. We showed

the result using this interval because this interval was in the

‘‘R’’ range of the vulnerability window. A reentrant wave

was generated under WT conditions, but terminated after

3 s since the first S1 stimulus was applied (see Fig. 5a).

However, the reentrant wave was sustained until the end of

the simulation (i.e., 20 s) with the G229D mutation (see

Fig. 5b). The wavelengths produced under the mutation

condition were much shorter than those produced under the

WT condition.

Figure 6 shows grids describing the vulnerability to the

re-entry window, which were constructed by investigating

the consequences of premature stimulation (i.e., S1–S2

protocol). The S1–S2 interval window that produced

reentry shifted toward shorter intervals with the G229D

mutation than the WT condition.

Figure 7 shows transmembrane potential maps for the

3D human atrial tissue model using an S1–S2 interval of

700 ms. A spiral wave was observed and developed into a

spiral wave breakup after several seconds even though we

applied an S1–S2 interval, which is similar to the normal

BCL.

Discussion

To the best of our knowledge, the present study represents

the first investigation of the mechanism of AF induced

because of the KCNQ1 G229D mutation using a 3D human

cardiac electrophysiology model. We observed the effects

of the G229D mutation at the cellular level in the KCNQ1

subdomain on the occurrence of AF using a 3D simulation.

We used the CRN model of human atrial cells [11] and

Fig. 2 Meshes and the S1–S2 protocol. a Mesh of 2D tissue model.

b Mesh of 3D human atrial tissue model acquired from Yonsei

Severance Hospital, South Korea. c S1–S2 protocol in 2D. Red square
represents the border of the S2 area. This depolarized area will

propagate to only one direction since there is conduction block on the

other direction (represented by black filled arrow), making a reentry

wave. d S1–S2 protocol in 3D. White dashed lines represent the

border, which S2 is given (this area will be forced back to its resting

potential). The wave will propagate to this area, generating a reentry

(color figure online)

J Physiol Sci (2016) 66:407–415 411

123



applied a modification to the IKs proposed by Hasegawa

et al. [5] to describe the behavior of IKs with the G229D

mutation. The human atrial cell model was then incorpo-

rated into 2D and 3D human atrial models. We compared

the electrical patterns and propagation wave under WT and

mutation conditions.

The main findings of this work were as follows: (1) in a

single cell, the APD was reduced due to the KCNQ1

G229D mutation. The peak IKr was also reduced. (2) With

the mutation, the reentrant wave was more easily induced.

(3) In the 2D and 3D simulations, the pro-arrhythmic effect

of the G229D mutation resulted in a shorter wavelength,

therefore, once a reentrant wave occurs, it is sustained. (4)

The results of the 2D and 3D tissue models differed.

The G229D mutation reduced the APD. In addition, our

data showed that the mutation significantly increased the

Fig. 3 Single-cell simulation results. a AP profiles, b fast inward

Na? current (INa), c slow component of delayed rectifier K? current

(IKs), d rapid component of delayed rectifier K? current (IKr),

e transient outward K? current (Ito), f L-type inward Ca2? current

(ICa,L), g inward rectifier K? current (IK1), h ultra-rapid component of

delayed rectifier K? current (IKur), i background Ca2? current (Ib,Ca),

and j background Na? current (Ib,Na)

Fig. 4 APDR curves. a APD as

a function of DI, b APD as a

function of BCL

Fig. 5 Spiral wave activity in the 2D human atrial tissue modeled

using aWT IKs and b the G229D mutation IKs. S1 BCL is 700 ms and

the S1–S2 interval is 400 ms. AP traces, which are presented on the

right side, was recorded from the white point (indicated by an arrow

at the first figure in each panel). Time zero was considered as the time

when the first S1 was applied
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peak value of IKs and reduced the peak value of IKr. IKs,

together with IKr, are significant in the repolarization and

termination of the cardiac AP (in phase 3) [18]. Due to the

early repolarization of the cell under mutation condition,

IKr could not reach its maximum open state to repolarize

the cell. This induced a lower current peak than with the

other condition.

Alternans is a condition where the amplitudes of the

heartbeat vary from beat to beat [19]. In the present study,

alternans was not observed. The slope of the APDR curve

was also\1. Simulation studies carried out by ten Tusscher

and Panfilov [10] confirmed that a steep restitution curve

leads to instability of the wave [10]. However, they also

determined that the slope of the restitution curve is not the

main parameter to determine wave instability [10]. This

was consistent with our results. In the present study, steep

ADPR curve was not observed. However, the electrical

wave instabilities were observed in the 2D and 3D simu-

lations under mutation condition.

The G229D mutation increased the atrial tissue sus-

ceptibility to re-entry; therefore, it had a pro-arrhythmo-

genic effect. Qu et al. [20] argued that the APD is the key

determinant of re-entrant arrhythmia. A shorter APD will

enable the tissue to be excited at a high rate. This is as

shown in the vulnerability window in Fig. 6. Under WT

condition, the S2 stimulus failed to propagate in the short

S1–S2 interval; however, the S2 stimulus was propagated

under the mutation condition and induced the re-entry. In

addition, tissue susceptibility to re-entry can be indexed via

temporal and spatial vulnerability [6]. The temporal vul-

nerability of cardiac tissue can be observed through the

vulnerability window [6]. The vulnerability window itself

is a summarization of the outcomes of the simulation from

various S1–S2 intervals. The range for re-entry generation

in the vulnerability window under the G229D mutation was

slightly increased, indicating increasing temporal vulnera-

bility (Fig. 6).

Meanwhile, the spatial vulnerability of re-entry is rela-

ted to the size of the tissue required to facilitate the re-

entrant wave. This index is closely related to the wave-

length produced. The wavelength itself is affected by APD

and conduction velocity (CV) since wavelength is equal to

the product of the APD and the CV. The G229D mutation

significantly reduced the wavelength. The tail of the

waveform left the tissue faster with a shorter than a longer

wavelength. This enabled the wave from the S2 stimulus to

Fig. 6 Vulnerability to spiral waves constructed by summarizing the

outcomes at various S1–S2 intervals. F indicates ‘‘failure to

propagate.’’ This means that the S2 failed to generate the wave.

R indicates ‘‘reentry generation.’’ Therefore, S2 triggered the

occurrence of a spiral wave. P indicates ‘‘normal propagation’’ which

means S2 generates wave that propagates normally along the tissue

and disappear

Fig. 7 Spiral wave activity in the 3D human atrial tissue model.

a The WT IKs and b G229D mutation IKs. S1 BCL is 700 ms and S2

BCL is 700 ms. AP traces, which are presented on the right side, were

recorded from the white point (indicated by arrow at the first figure in

each panel). Time zero was considered as the time when the first S1

was applied
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propagate to the other areas of tissue, and it had a con-

duction block on one side of the propagating area that

enabled the formation of the re-entrant wave. Therefore,

the G229D KCNQ1 mutation increased the spatial vul-

nerability of the tissue to re-entrant waves.

The G229D mutation resulted in an increase in IKs,

leading to persistent atrial tachycardia in the 2D model and

AF in the 3D model. There were differences between the

2D and 3D results, especially under the mutation condition.

These differences could be due to the different dimensions

of the tissue model used.

Several gains of function IKs caused by the mutation in

the KCNQ1 subunit were already identified. Two of them

were S140G and V241F mutations [4, 17]. Both of these

mutations had the same effect as the G229D mutation in

making the immediately active IKs and as a result, abbre-

viated the APD. Computer simulations have been carried

out to investigate the effect of these mutations on cardiac

tissue models [6, 8]. Imaniastuti et al. [8] in their study

regarding the V241F mutation using computational mod-

eling, found that abbreviated AP caused by the mutation

results in a short wavelength in the tissue model. This short

wavelength makes the re-entry easier to be accommodated

by the tissue model. S1–S2 protocol applied in 2D and 3D

tissue models under the mutation generated sustained spiral

waves until the end of the simulation. However, no spiral

wave breakup was observed in that study, which indicated

that the mutation in the computational model will possibly

induce atrial flutter, not AF.

A computational study that investigated the effect of the

S140G mutation carried out by Kharche et al. [6] also

highlighted the effect of gain-of-function IKs caused by the

mutation that makes the re-entry produced in the tissue

model become more persistent compared with the WT

condition. However, the S140G mutation only slightly

increased the vulnerability window, which means that it

only slightly increased the temporal susceptibility of the

tissue to the re-entry wave. It is clear that in case of the

S140G, the spatial vulnerability, which is closely related to

tissue size required to accommodate the re-entry, was

predominate here to determine susceptibility toward re-

entry generation; this condition was similar to the effect of

the G229D mutation.

In summary, our 2D and 3D results demonstrated that

the G229D mutation within KCNQ1 stabilized the reen-

trant wave. In simulations under the WT condition, spiral

waves terminated early. Simulations under mutation con-

ditions exhibited chaotic electrical propagation, which is

indicative of AF. We conclude that the G229D mutation

within KCNQ1 increased the likelihood of AF occurrence.

One potential limitation of this study is that we assumed

homogenous cellular electrical properties. Another is that

we did not consider the effects of cardiac mechanics on

tissue geometry. However, these potential limitations are

not expected to influence our conclusions significantly.
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