Hindawi

Computational and Mathematical Methods in Medicine
Volume 2020, Article ID 7194275, 11 pages
https://doi.org/10.1155/2020/7194275

Research Article

Computational Study to Identify the Effects of the KCNJ2 E299V
Mutation in Cardiac Pumping Capacity

Da Un Jeong ) Jiyeong Lee ,! and Ki Moo Lim

'Department of IT Convergence Engineering, Kumoh National Institute of Technology, Gumi 39177, Republic of Korea
Department of Medical IT Convergence Engineering, Kumoh National Institute of Technology, Gumi 39177, Republic of Korea

Correspondence should be addressed to Ki Moo Lim; kmlim@kumoh.ac.kr
Received 31 December 2019; Revised 20 February 2020; Accepted 27 February 2020; Published 31 March 2020
Academic Editor: Michele Migliore

Copyright © 2020 Da Un Jeong et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The KCNJ2 gene mutations induce short QT syndrome (SQT3) by directly increasing the Ix; current. There have been many
studies on the electrophysiological effects of mutations such as the KCNJ2 D172N that cause the SQT3. However, the KCNJ2
E299V mutation is distinguished from other representative gene mutations that can induce the short QT syndrome (SQT3) in that
it increased I, current by impairing the inward rectification of K" channels. The studies of the electromechanical effects on
myocardial cells and mechanisms of E299V mutations are limited. Therefore, we investigated the electrophysiological changes and
the concomitant mechanical responses according to the expression levels of the KCNJ2 E299V mutation during sinus rhythm and
ventricular fibrillation. We performed excitation-contraction coupling simulations using a human ventricular model with both
electrophysiological and mechanical properties. In order to observe the electromechanical changes due to the expression of
KCNJ2 E299V mutation, the simulations were performed under normal condition (WT), heterogeneous mutation condition
(WT/E299V), and pure mutation condition (E299V). First, a single-cell simulation was performed in three types of ventricular
cells (endocardial cell, midmyocardial cell, and epicardial cell) to confirm the electrophysiological changes and arrhythmogenesis
caused by the KCNJ2 E299V mutation. In three-dimensional sinus rhythm simulations, we compared electrical changes and the
corresponding changes in mechanical performance caused by the expression level of E299V mutation. Then, we observed the
electromechanical properties of the E299V mutation during ventricular fibrillation using the three-dimensional reentry sim-
ulation. The KCNJ2 E299V mutation accelerated the opening of the Ix; channel and increased Ix; current, resulting in a decrease
in action potential duration. Accordingly, the QT interval was reduced by 48% and 60% compared to the WT condition, for the
WT/E299V and E299V conditions, respectively. During sustained reentry, the wavelength was reduced due to the KCNJ2 E299V
mutation. Furthermore, there was almost no ventricular contraction in both WT/E299V and E299V conditions. We concluded
that in both sinus rhythm and fibrillation, the KCNJ2 E299V mutation results in very low contractility regardless of the expression
level of mutation and increases the risk of cardiac arrest and cardiac death.

1. Introduction

The inward rectifier potassium current (Ix;) plays an im-
portant role in cardiac electrophysiological activity. If I, is
abnormal, it can cause serious heart diseases such as chronic
atrial fibrillation [1]. The KCNJ2 E299V mutation involved
in the production of the KCNJ2 gene (Kir2.1) is a gain-of-
function mutation that increases the magnitude of Ix; by
impairing the rectification of the potassium channels [2].
Increased Iyx; induces rapid repolarization of the action
potential, thereby causing short QT syndrome (SQT3),

which is a syndrome that the QT interval in the QRS
complex of the electrocardiogram (ECG) is reduced [3].
SQT3 is a genetic disorder caused by KCNJ2 gene mutation
that can cause structural and functional defects in the heart,
leading to arrhythmia and sudden cardiac death [4, 5].
There have been many studies on the electrophysio-
logical effects of the KCNJ2 E299V mutation on the heart.
Domini et al. identified the possibility of atrial arrhythmia
caused by the KCNJ2 D172N and KCNJ2 E299V mutations
in SQT3 through the simulation study using virtual atrial
models. They found that in two- and three-dimensional
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tissue models, both mutations make conduction wave-
lengths shorter by reducing the electrical refractoriness and
conduction velocity, thereby stabilizing the reentrant wave
[3]. Deo et al. confirmed the occurrence of ventricular fi-
brillation due to the E299V mutation that induces SQT3 [2].
They noted that the effect of the KCNJ2 E299V mutation is
different from that of the KCNJ2 D172N mutation; the latter
directly increases the amplitude of Ix;, while the former
indirectly increases the Ix; by impairing the rectification of
the potassium channel. So far, there were no cases of ven-
tricular tachycardia or ventricular fibrillation observed in
patients with KCNJ2 E299V mutations, but it was reported
that the E299V mutation may induce ventricular arrhyth-
mia. Furthermore, similar to the V93I mutation, the elec-
trophysiological changes due to the class-I antiarrhythmic
agents used to treat atrial fibrillation by the E299V mutation
can occur the reentrant waves through electrical excitation
from the bundle branches of the Purkinje fibers, thereby
inducing the ventricular arrhythmia [6].

Increased I, current due to KCNJ2 mutations including
the E299V mutation reduces the heart rate and causes
premature contractions of the ventricles [7, 8]. Adeniran
et al. compared the effects of the SQT1 and SQT3 on a single-
cell and on three-dimensional ventricular levels using an
electromechanical coupling model. They reported that the
ventricular contractility could be reduced by electrophysi-
ological changes due to the SQT1 and SQT3. Furthermore,
they suggested that there may be fragmentation between the
end of the mechanical contraction and the beginning of the
repolarization of the ventricle due to SQT syndrome [9].
They used the D172N mutation to identify the electrome-
chanical effects of SQT3. However, as previously reported by
Deo et al., the electrophysiological mechanisms of the
D172N mutation and E299V mutation are different, and
hence, the resulting contractility may vary.

Previously, we used a three-dimensional electrome-
chanical ventricular model to predict the changes in the
electrical and mechanical performance of the heart as a
result of various pathological conditions including muta-
tions [10-12]. In this study, we investigated the ventricular
arrhythmogenesis and the mechanical contractility in rela-
tion to the expression level of KCNJ2 E299V mutation by
using the electromechanical coupling model.

2. Materials and Methods

2.1. Cardiac Electrophysiological and Mechanical Model.
To study the changes in the electrophysiology and me-
chanical performance of the ventricles due to the KCNJ2
E299V mutation, we used the excitation-contraction cou-
pling method. The diagrams of the electrophysiological and
mechanical simulations are shown in Figure 1. The left-hand
side of the diagram in Figure 1 represents the electro-
physiological model, which is consisted of a lumped pa-
rameter circuit for simulating the myocardial cell. In the
lumped parameter circuit, the electrical components sym-
bolize the currents, pumps, and ion exchangers of the cell
membrane and mimic the ion transport through the cell
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membrane and the sarcoplasmic reticulum within cardiac
cells.

To simulate the ventricular cells, we modified and used
the human ventricular ion model proposed by Ten Tusscher
et al. [13]. To express the conduction of action potentials
through myocardial cells as a numeric value, the following
electrical conduction equation based on continuum me-
chanics was applied to the electrophysiological model:

v L, +1

Z7 _ _Tion T “stim
dt C ’ D

m

Here, V is the membrane potential of myocardial cells
and f represents time. [;,, is the sum of all ion currents, I,
is the current produced by an external stimulus, and C,, is
the capacitance of the cell membrane. The sum of all ion
currents is as follows:

Iion = INa + IKI + Ito + IKr + IKS + ICaL + INaCa + INaK
+ IpCa + IPK + Iiyca + Tpna

(2)

In this equation, Iy, is the current through Na* channels.
Ix1, Lio» Ixr> and I, are currents through the K* channels and
represent the inward rectifier K* current, transient outward
K" current, rapid delayed rectifier K* current, and slow
delayed rectifier K" current, respectively. Ic, 1 is the L-type
Ca™ current, Iy,c, is the current produced by the Na*-Ca**
exchanger, and Iy, is the current produced by the Na™-K"
exchanger. I,c, and Ik are the currents generated by the
Ca** and K pumps, respectively. Iyc, and Iy, are the
background Ca®* and Na* currents, respectively. In the
electrical model, “E” refers to the equilibrium potential; Ey,
Ecq» and Ey, are the equilibrium potentials of K*, Ca*", and
Na" ions, respectively.

To express the electrical conduction of the action po-
tentials in the three-dimensional ventricular tissues, we
calculated the following equation consisted of the partial
differential equation for electrical conduction through
myocardial tissues and the ordinary differential equation for
propagation of the electrical waveform:

v I+ 1, 1 oV 1 oV
& C. T pS.Co R pSC. P2
m PxOxbm X py y—m y
(3)
1 oV

— .
p-S:Crn 0°2

Here, p,, p,» and p, represent the cellular resistances
along the x, y, and z axes, respectively, and S, S,, and S,
represent the ratio of the volume to the surface along the x, y,
and z axes, respectively.

We performed the excitation-contraction coupling
simulation to observe the electrical and mechanical changes
due to the KCNJ2 E299V mutation. For this purpose, we
obtained the transient calcium information from the elec-
trophysiological simulation and used it as the inputs to
express the myocardial contraction derived by the calcium.
We used the equation proposed by Ten Tusscher and
Panfilov [14] to simulate the myocardial calcium mechanics,
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FIGURE 1: Schematic diagram of electromechanical coupling for single-cell and three-dimensional simulations. The left side of the diagram is
an electrophysiology simulation. The electrical components symbolize the currents, pumps, and ion exchangers of the cell membrane to
mimic the cardiac cells, as suggested by Ten Tusscher et al. “I” represents the ion currents, and “E” represents the equilibrium potentials of
each ion. The right side of the diagram shows mechanical simulations at the single-cell and the 3D ventricular heart levels. The mechanical
components come from myofilament models proposed by Rice et al. Mechanical model at the 3D ventricular heart level is coupled with the
circulatory system; “C” and “R” represent compliance and resistance of each structure, respectively; PA, pulmonary artery; PV, pulmonary
vein; LA, left atrium; MI, mitral valve; LV, left ventricles; AO, aortic valve; SA, systemic artery; SV, systemic vein; RA, right atrium; TR,
tricuspid valve; RV, right ventricles; PU, pulmonary valve; “P” and “V” are pressure and volume, respectively (for more details, see text).

which is that calcium induces the contraction of the thin
filaments via the calcium-induced calcium release (CICR)
mechanism and thus produces myocardial tension:

dcaitotal _ ICa,L + Ib,Ca + Ip,Ca - 2INa,Ca
dt 2V-F

+ Ileak - Iup + Irel’

dcasrtotal -

Ve
dr VSR (_Ilea.k + Iup - Irel)'

(4)

In these equations, Cajya and Cagora represent the total
amounts of calcium in the cytoplasm and sarcoplasmic
reticulum, respectively. I, is the leakage Ca** current of the
junctional sarcoplasmic reticulum, I, is the absorbed Ca**
current in the network sarcoplasmic reticulum, and I is the
current induced by the release Ca®* from the junctional
sarcoplasmic reticulum.

The right-hand side of the diagram in Figure 1 represents
the mechanical simulations at the single-cell and three-di-
mensional tissue levels. To simulate the cardiac mechanical
contraction through the cross-bridge dynamics, we used the
myocardial filament model proposed by Rice et al. [15], as
shown in the middle of Figure I:

Factive (x) = SOVFthick ('x)

% xXBPreR X XBPreR X XXBPostR X XBPostR

Max
xg X XBp,gr

(5)

SOVFy,ck represents the single-overlap function of the
thick filament. XBp,.r represents the prerotated state of the
myosin head in relation to binding, which contributes to
stiffness but does not generate force in the absence of net
motion. XBp,r is a strongly bound myosin head, which
represents the isomerization that induces strain in the ex-
tensible neck region. xXBp,.r and xXBp,ur represent the
average strain rate of XBp,.r, and XBp,x, respectively. x; is
the average length of the cross-bridge. XBp, is the scaling
factor of the postrotated state under optimal conditions such
as high calcium activation, isosarcometric filaments, phys-
iological temperature, and maximal single overlap of both
thick filament and thin filament. N, and Py, are nonper-
missive and permissive confirmations of regulatory proteins,
respectively. g, denotes the ATP-consuming detachment
transition rate. her and hyp represent the forward and
backward transition rates, respectively. fo,p is the cross-
bridge attachment rate of transition to the first strongly
bound state, and g, is the reverse rate. K,,, and K,,, denote
transition rates. Therefore, Ky, (TCaryy)”” is the forward rate
of the nonpermissive-to-permissive transition, and Kp,
(TCaro) ™ is the backward rate of permissive-to-nonper-
missive transition.

2.2. Expression of KCNQI1 E229V Mutation. To simulate the
change in I, current due to the KCNJ2 E299V mutation, the
modified Ik, equation proposed by Deo et al. [2] was applied
to the ventricular ion model. In this study, we formulated the
following three Iyx; current equations for the different



expression levels of the KCNJ2 E299V mutation. These
equations were used to simulate the Ix; currents in the wild-
type condition without the mutation (WT), the heteroge-
neously expressed E299V mutation condition (WT/E299V),
and the purely expressed E299V mutation condition
(E299V), respectively:

0.24731(V - E})

WT (control): I, =
( T 0.86426 + %0904 (V-Ey)

- 0.06519,

0.11905(V — E + 2.4)

- 0.36212,
0.04092 + 01732 (V-F)

WT/E229V: I, =

E299V: Iy, = 0.06634(V — E; + 6.5) — 2.44009

x10*(V - E)* - 0.51383.
(6)

We observed the electrophysiological changes due to
the KCNJ2 E299V mutation at the single-cell and three-
dimensional tissue levels and compared the resulting ven-
tricular contractility according to the expression levels of
mutation.

2.3. Three-Dimensional Human Ventricular Model. The
three-dimensional human ventricular model used for the
electrophysiological simulation is a finite element model
consisting of a tetrahedral structure composed of 214,319
nodes and 1,061,379 elements. The three-dimensional
ventricular model used for the mechanical contraction
simulation is a finite element model consisting of a hex-
ahedral structure composed of Hermite-based 14,720 nodes
and 230 elements to represent the natural contraction of the
ventricular tissue.

The elements of the ventricular model represent the
different types of ventricular cells and are categorized as
either endocardial cells, midmyocardial cells, or epicardial
cells to imitate the heterogeneity of the ventricular tissue.
The endocardial tissue conducts action potentials up to
2mm from the endocardial surface to the internal tissue,
while the epicardial tissue also conducts action potentials up
to 2 mm but from the epicardial surface to the internal tissue.
The midmyocardial tissue refers to the remaining inner area.

2.4. Simulation Protocols. In the single-cell simulation, we
observed the electrophysiological changes in all three types
of ventricular tissue cells in accordance with the expression
levels of the KCNJ2 E299V mutation. The initial electrical
conductivity of each ventricular cell was different. The
electrical conductivity (Ggs) was 0.392 x 1.3 mS/uF for the
endocardial and epicardial cells and 0.073 mS/uF for the
midmyocardial cell. We demonstrated the cellular restitu-
tion of ventricular tissues in relation to the expression of the
KCNJ2 E299V mutation using action potential duration
restitution (APDr) curves. We compared the APDr-basic
cycle length (BCL) curves and the APDr-diastolic interval
curves of each ventricular cell under the WT, WT/E299V,
and E299V conditions.
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We simulated sinus rhythm using the three-dimensional
human ventricular mesh with the Purkinje fiber. The Pur-
kinje fiber was attached to the endocardial surface of the
ventricular model and delivered the electrical stimulation to
the endocardial tissue via the atrioventricular (AV) node.
The sinus rhythm simulation was performed for 6 seconds
with a BCL of 600 ms. Then, we compared the results for the
last 600 ms, which is from 5,400 ms to 6,000 ms to observe
the ventricles that reached a steady state. Furthermore, we
determined the electrical activation time (EAT) and elec-
trical deactivation time (EDT) of each cell to quantitatively
observe the electrical phenomena associated with the ex-
pression levels of KCNJ2 E299V mutation. EAT is the time
required for the first cell of the ventricle to activate, while
EDT is the time required for the last cell of the ventricle to
deactivate. In the mechanical simulation of the sinus
rhythm, we calculated the left ventricular pressure-volume
loop, the aortic pressure, the stroke volume, the ejection
fraction, and the ATP consumption rate to quantitatively
compare the relationship between electromechanical per-
formance and the expression level of KCNJ2 E299V
mutation.

In order to observe the electromechanical performance
during the sustained reentry under WT, WT/E299V, and
E299V conditions, we generated the reentrant wave using
S1-S2 protocols at low conduction velocity. Then, we saved
all the cellular state information obtained at the moment
when the reentrant wave was stably maintained and used it
as the initial condition in the sustained reentrant wave
simulation at normal conduction velocity (70 cm/s). The
sustained reentrant wave simulation was performed for 10
seconds. Similar to the sinus rhythm simulation, we
extracted the transient calcium information from the reentry
simulation and performed the excitation-contraction cou-
pling simulation using the extracted calcium information.
For the comparisons of WT, WT/E299V, and E299V con-
ditions, we obtained the pressure of the systemic artery and
the left ventricular pressure-volume loop.

3. Results and Discussion

3.1. Electrophysiological Response at the Cellular Level. At the
cellular level, we observed changes in the I current and the
corresponding action potentials in the endocardial cell,
midmyocardial cell, and epicardial cell due to the KCNJ2
E299V mutations (Figure 2). In all the ventricular cells, the
KCNJ2 E299V mutation made Ik, channels open faster and
remain active for longer periods compared to the WT
condition (Figures 2(a)-2(c)). The activation time of the Iy,
channel was the longest in the WT/E299V condition fol-
lowed by the condition in which the E299V mutation was
purely expressed (E299V). Accordingly, the increase of the
Ix; current was greater under the E299V and WT/E299V
conditions than under the WT condition. The Ix; current
was the highest over 4 pA/pF under the E299V conditions. In
the heterogeneous state of the E299V mutation (WT/
E299V), the Ix; current was about 2.3 pA/pF, which was
slightly greater than in WT condition (1.9 pA/pF).
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FIGURE 2: Electrophysiological results of human ventricular cells under the WT, WT/E299V, and E299V conditions. Current through rapid
delayed rectifier K channel (a-c), membrane potential (d-f), action potential duration-diastolic interval (g-i), and action potential
duration-basic cycle length (j-1) of the endocardial cell (Endo), the midmyocardial cell (M), and the epicardial cell (Epi).

In all ventricular cells, the repolarization of the action
potential rapidly occurred in the presence of the E299V
mutation (WT/E299V and E299V, Figures 2(d)-2(f)). Re-
polarization of the action potential occurred more rapidly
when the E299V mutation was purely expressed (E299V)
than when the mutation was heterogeneous (WT/E299V).
APD was shorter under the E299V mutation conditions than
the WT conditions. APD was the shortest at pure E299V
mutation conditions (70 ms for endocardial cell, 70 ms for
midmyocardial cell, and 67 ms for epicardial cell). Under the
WT/E299V condition, APD was 123 ms for the endocardial
cell, 123 ms for the myocardial cell, and 119ms for the
epicardial cell. Under the WT condition, APD of the en-
docardial cell, midmyocardial cell, and the endocardial cell
was 308 ms, 390 ms, and 310 ms, respectively. Under the WT
condition, there was a difference in APD depending on the
type of ventricular tissue cell. However, there was little
difference in APD under WT/E299V and E299V conditions.

We made the APDr curve to observe the generation of
rate-dependent alternans and APD variation by reentrant
wavefront under the WT, WT/E299V, and E299V condi-
tions (Figures 2(g)-2(1)). Under the WT condition, the slope
of the APDr curve was higher than 1 according to the di-
astolic interval, and alternans occurred at BCL 270 ms,
350 ms, and 260 ms in the endocardial, midmyocardial, and
epicardial cells, respectively. However, under the WT/E299V
and E299V conditions, the slope of the APDr curve was less
than 1 in all ventricular cells according to the diastolic
interval. Under the two E299V mutation conditions, the
alternans did not occur, and the endocardial, mid-
myocardial, and epicardial cells remained stable.

3.2. Electromechanical Response as a Result of KCNJ2 E299V
during Sinus Rhythm. We observed the changes in elec-
trophysiological conduction phenomena due to the KCNJ2
E299V mutation during the normal sinus rhythm of the
600 ms BCL through the Purkinje fibers from the AV node
(Figure 3). The electrical depolarization time through the

Purkinje fiber from the AV node was almost similar under
all the three conditions, but there was a difference in the
duration (APD) that electrical excitation of the ventricular
tissue was maintained depending on the expression levels of
E299V mutation. The duration of electrical excitation was
the longest under the WT condition (repolarized at
5,850 ms) and the shortest under the pure E299V mutation
condition (repolarized at 5,571 ms). In short, APD was
350 ms in WT condition, 121 ms in WT/E299V condition,
and 61 ms in E299V condition. Under the three conditions,
the conduction velocities were closer to each other at 67.4 ms
for WT, 65.7 ms for WT/E299V, and 65.4 ms for E299V.

We compared the EAT, the time at which the ventricular
tissue activated, and the EDT, the time at which the ven-
tricular tissue deactivated, during the 600 ms BCL in relation
to the expression levels of the KCNJ2 E299V mutation
(Figure 4). Since the electrical depolarization occurred at the
same time through the Purkinje fiber, there was little dif-
ference in the EAT between the three conditions (WT, WT/
E299V, and E299V). In contrast, the EDT was the fastest at
190 ms in the E299V condition with the shortest APD and
the slowest at 510 ms in the WT condition with the longest
APD. The EDT of the WT/E299V conditions was about
200 ms (Figure 4(a)).

The minimum EAT refers to the time period at which the
ventricular tissue begins to get excited, and the maximum
EAT represents the moment when the entire ventricular
tissue is excited. Furthermore, the maximum EDT represents
the moment when the repolarization of the entire ventricular
tissue is over. Therefore, the difference between the maxi-
mum EAT and the minimum EAT means the QRS width in
the ECG waveform, and the difference between the maxi-
mum EDT and the minimum EAT corresponds to the QT
interval in the ECG waveform. There was no change in the
QRS width as a result of the expression level of KCNJ2
E299V mutation (130 ms for all conditions). However, the
QT interval was shorter under both the WT/E299V and
E299V mutation conditions compared to the WT condition.
The QT interval was 480 ms in the WT condition, 251 ms in
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FIGURE 4: Electrical activation time (EAT) and electrical deactivation time (EDT) during 600 ms sinus rhythm. WT, wild type; WT/E299V,
E299V mutation is moderately expressed heterogeneously; E299V, E299V mutation is purely expressed. (a) Horizontally sliced layers of
EAT and EDT (from 30ms to 510 ms). (b) Minimum and maximum values of EAT and maximum value of EDT.

the WT/E299V condition, and 191 ms in the E299V con-
dition (Figure 4(b)).

Through the excitation-contraction coupling simulation,
we observed that the mechanical contractility changed
during the sinus rhythm depending on the expression level
of the KCNJ2 E299V mutation (Figure 5 and Table 1). When
just one contraction had occurred in the ventricles, the ATP
consumption rate under the WT condition was 47s .
Subsequently, it decreased to 18s™" under the WT/E299V
condition and to 55" under the E299V condition.

Accordingly, the left ventricular and aortic pressures
were significantly reduced in both WT/E299V and E299V
conditions compared to the WT condition (Figure 5(a)). The
maximum pressure of the left ventricle was 131 mmHg
during the systole period under the WT condition. When the
KCNJ2 E299V mutation was expressed, the left ventricular
pressure of the systole period decreased and became to the
pressure of the diastole period. The maximum pressure of
the left ventricle was 59 mmHg in the WT/E299V condition
and 25mmHg in the E299V condition.

Furthermore, the end-systolic volume and the end-
diastolic volume of the left ventricle were increased under
the WT/E299V and the E299V conditions compared to
those under the WT condition. Accordingly, the pressure-
volume loops of the two E299V mutation conditions were

shifted to the right (Figure 5(b)). The difference between the
end-diastolic volume and the end-systolic volume corre-
sponds to the stroke volume during the ventricular con-
traction cycle. In the sinus rhythm, the stroke volume was
59mL under WT condition but decreased to 22 mL under
WT/E299V condition and to 4 mL under the E299V con-
dition. Consequently, the ejection fraction decreased
depending on the expression level of KCNJ2 E299V mu-
tation (54% for WT, 15% for WT/E299V, and 3% for
E299V). The area of the pressure-volume loop refers to the
stroke work, which is the amount of work the ventricle has
done during the sinus rhythm. In the WT condition, the
stroke work was 5,771 mmHg-mL but decreased in response
to the expression level of KCNJ2 E299V mutation. In WT/
E299V condition, the stroke work was significantly reduced
to 712mmHg-mL. The stroke work was the lowest at
16 mmHg-mL under the pure E299V mutation condition.

To quantitatively compare the mechanical performance
during sinus rhythm, we computed the stroke work in re-
lation to the ATP consumption. When the E299V mutation
was moderately expressed (WT/E299V), the amount of work
the left ventricle performed per unit ATP consumption was
67.7% less than that in the WT condition (124s™). It was
redulced by 97.6% under the pure E299V mutation condition
(3s7).
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FIGURE 5: Mechanical response during 600 ms BCL of sinus rhythm under WT, WT/E299V, and E299V conditions. (a) Pressure of the left
ventricle and artery system. (b) Pressure-volume loop of the left ventricle.

TaBLE 1: Cardiac mechanical responses during 600 ms BCL of sinus rhythm.

Stroke work ATP consumption

. . N .
Stroke volume (mL) Ejection fraction (%) (mmHg-mL) rate (7)) SW/ATP  Cardiac output (mL)

WT 59 54 5,771 47 124 5,852

WT/E299V 22 15 712 18 40 2,209

E299V 4 3 16 5 3 378

*WT, wild type; WT/E299V, E299V mutation is moderately expressed heterogeneously; E299V, E299V mutation is purely expressed; SW, stroke work; ATP,

adenosine triphosphate.

The cardiac output for 1 minute was 5,852 mL under the
WT condition. However, as the contraction efficiency de-
creased in response to the expression levels of KCNJ2 E299V
mutation, the cardiac output for 1 minute decreased to
2,209 mL under WT/E299V condition. Specifically, when the
E299V mutation was purely expressed, the cardiac output
for 1 minute was remarkably decreased to 378 mL.

3.3. Electromechanical Response as a Result of KCNJ2 E299V
Mutation during Reentry. We observed the electrical con-
duction in response to the expression levels of KCNJ2 E299V
mutation when the reentrant wave was maintained via
sustained reentry simulation (Figure 6). During the sus-
tained reentry, the conduction wavelength of the reentrant
wave decreased in both the WT/E299V and the E299V
conditions as compared to the WT condition.

Figure 7 shows the contractility due to the electro-
physiological changes as a result of the expression levels of
KCNJ2 E299V mutation during the ventricular tachyar-
rhythmia. Under all conditions of the expression level of the
mutation, the pressures of the left ventricle and the aorta
were lower than those in the sinus rhythm (47.32 mmHg for
WT, 22.71mmHg for WT/E299V, and 19.52mmHg for
E299V). The pressure fluctuations in the left ventricle and
the aorta were lesser in WT/E299V condition than in the

19.4s 19.5s 19.6s 19.7s 19.8s 19.9s

WT vvv"w
WT/ ‘

E299V

E299V 'V'V'v

Membrane potential n—— -
-90mV ~ 30mV

FIGURE 6: Membrane potential distribution of electrical reentrant
wave during 0.6s under WT, WT/E299V, and E299V mutation
conditions.

WT condition. In the E299V condition in which the E299V
mutation was purely expressed, the pressures of the left
ventricle and the aorta were almost not fluctuated
(Figures 7(a)-7(c)).

Furthermore, the APD was reduced due to the KNCJ2
E299V mutation, which is similar to the results obtained
from sinus rhythm simulation. Shortened APD decreased
the amount of ATP consumed by the myocardium during
the ventricular tachyarrhythmia (Figure 7(f)). Accordingly,
in both the E299V mutation conditions, the contractility
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E299V (c) conditions; (d) volume of left ventricle; (e) pressure-volume loop of left ventricle; (f) ATP consumption rare.

decreased, and the left ventricular volume increased. As the
expression level of the KCNJ2 E299V mutation increased,
the fluctuations of the left ventricular volume decreased
(Figure 7(d)). That is, during the ventricular tachyarrhythmia,

the E299V mutation caused little left ventricular contraction.
The stroke volume was 5.42 mL in the WT condition, 0.68 mL
in the WT/E299V condition, and 0.44 mL in the E299V
condition.
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4. Discussion

We observed the electrophysiological changes and the
resulting mechanical performance according to the ex-
pression levels of the KCNJ2 E299V mutation during the
sinus rhythm and the ventricular tachyarrhythmia. The main
findings from this study are as follows:

(1) In the electrophysiological simulation of a single cell,
the KCNJ2 E299V mutation increased the density of
Ix; and decreased APD in all ventricular tissue cells
(endocardial cell, midmyocardial cell, and epicardial
cell).

(2) In the simulation of sinus rhythm, the ventricular
repolarization time decreased, thereby shortening
the maximum EDT by the expression levels of E299V
mutation. The maximum EDT was the shortest when
the E299V mutation was purely expressed.

(3) The ejection fraction of the WT/E299V mutant
ventricles was significantly lower than that of the WT
condition. The pure E299V mutant ventricles failed
to release blood during the sinus rhythm.

(4) In the reentry simulation, the reentrant break-up
occurred in the WT, WT/E299V, and E299V con-
ditions. The conduction wavelength of the reentrant
wave decreased as the degree of KCNJ2 E299V
mutation increased. The left ventricles of both E299V
mutant conditions (WT/E299V and E299V condi-
tion) showed little fluctuation in the pressure and
volume and had a little mechanical contraction.

The KCNJ2 E299V gain-of-function mutation is
expressed via the change in amino acid (from glutamic acid
to valine) in the Kir2 channel. This mutation impairs the
function of the inward rectifier channel resulting in the
acceleration of the rectification and an increase in the I
current density. Increased Iyx; induces the rapid repolari-
zation of the action potential and reduces the depolarization
period. The ventricular cell with shortened APD due to the
KCNJ2 E299V mutation may not develop the alternans even
at lower BCL conditions, whereas the ventricular cell with
normal APD generates the alternans. These results corre-
spond with the results of Wilder’s advance research in 2004
[16].

Since the electrical stimulation is conducted simulta-
neously from the AV node and the Purkinje fibers, there may
be no difference in the EAT representing the ventricular
depolarization period under the WT, WT/E299V, and
E299V conditions. However, the shortened depolarization
period by the KCNJ2 E299V mutation reduces the maxi-
mum EDT, which is the repolarization time of the entire
ventricles. Therefore, the QT interval obtained from the
difference between the maximum EDT and the minimum
EAT decreases in both E299V mutation conditions (WT/
E299V and E299V). The short QT wave due to the KCNJ2
E299V mutation is the third form of the SQT3 mentioned in
Priori et al.’s clinical study [4].

When the depolarization period is shortened by the
KCNJ2 E299V mutation, the opening period of the L-type
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calcium channel is decreased, and the intracellular calcium
concentration is also decreased. Reduced intracellular cal-
cium concentration decreases the amount of calcium re-
leased by the CICR mechanism from the sarcoplasmic
reticulum, thus resulting in a decrease in the calcium-
binding to troponin for cross-bridge formation. The number
of cross-bridges formed decreases and the amount of ATP
consumed in the cross-bridge formation also decreases.
Finally, the tension generated by the myofilament is reduced.

Reduced tension due to the KCNJ2 E299V mutation
leads to a weakening of left ventricular contractility and an
increase in the left ventricular volume. The increased in-
ternal area of the left ventricle causes a reduction in the
pressures applied to the left ventricle and the aorta at the end
of the systolic period according to Poiseuille’s law. In the
pressure-volume loops, the internal area is equal to the
amount of work done by the left ventricles during con-
traction and is known as the stroke work. Accordingly, In the
KCNJ2 E299V mutation conditions, the stroke volume and
the stroke work of the left ventricle decrease and the ejection
fraction goes down. These results are similar to those ob-
served when the reentrant waves occur.

This study demonstrated the mechanical effects of the
KCNJ2 E229V mutation as well as the electrophysiological
effects of that during the ventricular sinus rhythm and fi-
brillation. Electrophysiological changes due to the KCNJ2
E299V mutation had a lethal mechanical effect on the
contractile activity of the ventricles. The gain-of-function
mutation including the KCNQI S140G [17], V241F [18], and
G229D [19] is well known to be associated with the short QT
wave in the ECG waveforms. We confirmed the SQT3
caused by the KCNJ2 E299V mutation can cause sudden
cardiac death during ventricular fibrillation through the
electromechanical simulation [20].

There are some limitations to our research. This study
did not use any clinical trial data; instead, the results of the
experiments were obtained using computer simulation.
However, we used cell models [13, 14], organ models
[21, 22], and methodologies [23, 24] that have been validated
several times through the previous studies and the advanced
researchers. Second, mechanical contraction may affect the
electrophysiological phenomena, but in this study, only one-
way coupling was used to observe mechanical behavior as a
result of electrophysiological phenomena. However, these
limitations do not affect the results of this study.

5. Conclusions

In this study, we reported the changes in the electrophys-
iological activity and corresponding mechanical behavior
due to the KCNJ2 E299V mutation during sinus rhythm and
ventricular tachyarrhythmia. The KCNJ2 E299V mutation
can affect cardiac activity mechanically as well as electro-
physiologically. Specifically, the KCNJ2 E299V mutation
resulted in very low contractility during normal sinus
rhythm regardless of the expression level of the mutation
(heterogeneous, pure mutation). Furthermore, the me-
chanical performance of the left ventricle with KCNJ2
E299V mutation was very low under the sustained reentry
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condition. In conclusion, the KNCJ2 E299V mutation can
increase the risk of cardiac death due to cardiac arrest during
both sinus rhythm and tachyarrhythmia.
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