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Abstract: In the clinical reports, the E1784K mutation in SCN5A is recognized as a phenotypic overlap between
the long QT syndrome (LLQT3) and the Brugada syndrome (BrS) in the characteristics of electrocardiograms
(ECGs) since the mutation can influence sodium channel functions. However it is still unclear if the E1784K mu-
tation-induced sodium ionic channel alterations account for the overlap at tissue level. Thsu, a detailed computa-
tional model is developed to underpin the functional impacts of the E1784K mutation on the action potential
(AP), the effective refractory period (ERP) and the abnormal ECG. Simulation results suggest that the E1784K
mutation-induced sodium channel alterations are insufficient to produce the phenotypic overlap between LQT3 and
BrS, and the overlap may arise from the complicated effects of the E1784K mutation-induced changes in sodium

channel currents with an increase of the transient outward current I, or a decrease of the L-type calcium current

Lca.
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INTRODUCTION

E1784K is a mutation in SCN5A gene which
is the control gene of sodium ionic channel. In
clinical reports, electrocardiograms (ECGs) of
patients with the E1784K mutation exhibit the
characteristics of abnormal prolongation of QT
interval and T segment elevation in the right pre-
cordial leads, which indicates a phenotypic over-
lap between long QT syndrome (LQT3) and Bru-
gada syndrome (BrS). Makita et al''reported the
E1784K mutation resulted in a shift of transient
sodium current (Ix,r) inactivation curve in the hy-
perpolarising direction and an increase in density
of late sodium current (Ix..). However, it is still
unclear whether the E1784K mutation-induced al-
ternations in sodium channel functions are suffi-
cient to illustrate the overlap between LQT3 and

BrS. This problem is hard to validate by physio-
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logical experiment method™*!. Accordingly, in
the present study, a computational model based
on detailed experimental data is developed to in-
vestigate the problem as a hypothesis research

method.

1 DEVELOPMENT OF
COMPUTATIONAL MODEL

1.1 Altered kinetics of sodium ion channel un-

der E1784K mutation condition

In the present study, the Ten Tusscher-No-
ble-Noble-Panfilov (TNNP) model which is the

popular human ventricular cell computational

model developed by Ten Tusscher et al™is used.

Since the TNNP model does not include Iy, mod-

el, a new ventricular Iy, model is developed ac-

ILSJ

cording to the Iy, model”” and the experimental

data'™ on maximal conductance of Iv, in three
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types of canine ventricular cells, and then the
model is incorporated into the TNNP cell compu-
tational model. Definition of the model is de-
scribed as

Ina = Guami hy (V,, — Ey)

dm,, m oo — my
dt Ty
a/nl.
mp oo =
a T B
1
" o T B

- 0.32 X (V,, + 47.13)
my T 1 — exp(— 0.1 X (Vm + 47. 13)) (1)

a

B, =0.08 X e £
'y = O XP 1770

Cﬂ o hpoo — hy

de 7,
7, = 600
1
hj oo =
. Vm
1+ exp + 91

where Gy, is the maximal conductance of In..
channel and values of Gy, for epicardial (EPI),
midmyocaridal (M) and endocardial (ENDO) cell
types are 0. 006 5, 0.011 0 and 0. 007 5 nS/pF re-
spectively™, m is the activation-gate variance,
h.. the inactivation-gate variance, V, the action
potential CAP) of transmural membrane, Ex, the
equilibrium potential of sodium channel currents
and computed by extra-cellular sodium concentra-
tion [ Na™ ], and intra-cellular sodium concentra-
tion [Na' ] depending on the equation of Nernst
(Eq. (2)).

BT g DD
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where R is the gas constant, F the Faraday con-
stant and 7 the absolute temperature. [ Na™ |,
equals 140 mmol/L and [Na™7]; 5 mmol/L.
According to recent experimental data under
the E1784K mutation condition, Makita et alt!
found that the activation and inactivation curves
of In,r under the E1784K mutation condition were
shifted to positive and negative directions com-

pared with those under the control condition re-

spectively.

The exponential regress equation (Eq. (3))
is used to simulate effects of the E1784K muta-
tion on Ixur.

Y 6;*72 (3
1 + exp — “J

where x,,, represents m (activation-gate variance)

or h (inactivation-gate variance) in Iy,r kinetics of
TNNP model. Depending on Makita's experimen-
tal observations'!, the values of m,,, are changed
from —56.86 mV to —36.98 mV, and h,,, from
—71.55mV to —101. 9 mV. The values of & are
changed from — 5.71 (control) to — 7.67
(E1784K) for activation curve and from 5.97
(control) to 6. 62 (E1784k) for inactivation curve
respectively. Simulation results under both con-
trol and E1784K mutation conditions are shown in
Fig. 1.
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Fig.1 Activation and inactivation curves of Ix,runder

control and E1784K mutation conditions

1.2 Kinetics of calcium and potassium ion chan-
nels under BrS condition

The previous experimental studies™*

report-
ed that the remarkable ST segment elevation in
the right precordial ECG leads of BrS patients
was associated with the depression of AP plateau
from right ventricular outflow tract to ventricular
epicardium, which was found to be related with
an increase of the transient outward current I,

and a decrease of the L-type calcium current Ic,.

In order to simulate the effects of BrS-induced AP
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changes of epicardium cell, the BrS model devel-
oped by Ref.[9] is used in this paper.

(1)Simulations of Iy, kinetics changes under
BrS condition

G'ro» the maximum conductivity of Iy, is in-
creased by 27% and activation curve of its activa-
tion-gate variance r is shifted from 20 mV to 2.5
mV.

(2)Simulations of I¢,. kinetics changes under
BrS condition

Gea» the maximum conductivity of Ie,. is

reduced by 35%.
1.3 Ventricular tissue model

One-dimensional (1-D) model of transmural
ventricular strand is composed of 100 computa-
tional cells (TNNP model) in series.

Ny  — 1
T . + D« VV, 4

where ¢ is the time, C, the cell capacitance per u-
nit surface area, D the diffusion coefficient which
represents conduction speed, I, the total current
across the membrane cell.

The length of each cell is 150 pm, while
transmural human ventricular cell is about 50—
100 pm. The length of transmural ventricular

strand in stimulation is 15 mm whereas the real

strand length of human is 4—14 mm. Following
the results of Ref. [10], the length ratio of EPI,
M and ENDO is 25 : 35 : 40. Except the EPI-M
border, D is set to 0. 054 mm?/ms. The conduc-
tion velocity of the simulated excitation wave is
0.48 m/s, and it belongs to the excitation con-
duction velocity scope of human heart cham-
ber!'®. Due to the protective activities of ventric-
ular tissue, there is a five-fold decrease in conduc-
tion velocity at the EPI-MIDDLE border. Ac-
cordingly, the value of D at this border is
changed to 0. 011 mm?/ms"*.

A 2-D transmural ventricular tissue sheet is
modeled by expanding 1-D transmural strands.
1-D strand direction (x-direction) is recognized as
transmural membrane direction and 800 strands
are arranged along y-direction in parallel. Both
spatial resolutions of x-and y-directions are 0. 15
mm, so the volume of simulated ventricular tissue

is 15X 120 mm®.
1.4 Computation of pseudo-ECG

Based on the 1-D strand model, a virtual
electrode is set at 2 cm outside from the EPI end
to simulate ECG (Fig. 2) using the method in
Ref. [10]. According to source-field""", the po-

tential at virtual electrode is

o oss oo (3 (55 - r Do v w (@) 4

P

2.0 cm

Fig. 2 Computational model of pseudo-ECG based on 1-D ventricular strand

a’o;
40,

where @.is the electric potential field of whole

1
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strand, &, and J.are the intra-and extra-cellular
conductivities respectively, a is the radius of the
cell, x the local site point of strand, x, the posi-
tion of virtual electrode and |x—x,| the distance
from the local site to the electrode. The potential
at virtual electrode is computed as an integral of
electric field consisted of all cells. Consistent
with Ref. [9], the values of 8, d.and « are set to
0.000 74, 0.001 26 ps/cm and 0. 001 1 cm.

2 SIMULATION RESULTS OF
COMPUTATIONAL MODEL

2.1 Simulation results of altered sodium current

under E1784K mutation condition

The current-voltage (I-V) curves of Ix.r ob-
tained from simulation and experimental results
are normalized and compared (Fig. 3). As illus-
trated, the curve shape and changing tendency of
simulation data are nearly consistent with those of
experimental data except the curve scope from

—100 mV to—60 mV. In this range, the simula-
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Fig. 3 Current-voltage (I-V) relations for Ix.r under

control and E1784K mutation conditions

tion results are larger than experimental data. It
is the main factor that the experimental conditions
(such as temperature and instruments) for devel-
oped computational models are different from
those in clone cell experiments. Furthermore,
there are differences in physiological features be-
tween clone and original cells, for example, the
Iv.r peak of clone cell is about five folds smaller
than that of original cell. According to the shape
and changing tendency of curves and physiological
characters of I\.,rs the error between simulation
and experimental results is within the acceptable
range, which indicates the effectiveness of the

above sodium ion channel model.
2.2 Comparison of action potentials

The effects of altered In, and Iy, under
E1784K mutation condition on the cell AP are il-
lustrated in Fig. 4. Compared with the control
condition, the E1784K mutation condition results
in a decrease in peak current density of In.r
(Fig. 4(a)) and a persistent increase in Iy, cur-
rent (Fig. 4(b)). The altered In.r and Iy, de-
crease the AP amplitude and prolong the AP du-
ration (APD) of three ventricular cell types under
E1784K mutation condition (Fig. 4(d)) in com-
parison with those under the control condition
(Fig. 4(c)), and APDs are listed in Table 1.

---- E1784K
—— Control

----E1784K
—— Control

400/ (pA / pF)

[\
~
8
7]

(@) Iy

50/ mV
50 / mV

250/ ms
(d) AP under E1784K condition

250/ ms

(c) AP under control condition

Fig. 4 Effects of In.rand Ina on AP

Table 1 Effects of control and E1784K mutation condi-
tions on APs of three ventricular cell types ms
APD., Con‘tr‘ol E17$%K
condition condition
EPI 283. 64 310. 56
M 352. 00 429. 04
ENDO 285. 30 316.68

2.3 Comparison of effective refractory period

As shown in Fig. 5, the computed ERPs un-
der both control and E1784K mutation conditions
are plotted against basic cycle length (BCL) for
three cell types. Compared with the control con-
dition, the E1784K mutation condition increases
ERPs of three cell types in whole scope of BCL.
As the augmented ERP of M cell is the largest,
the heterogeneity among the different cell types is

increased.
2.4 Simulation results of pseudo-ECGs

Simulation results of pseudo-ECGs in 1-D
strand model under control and E1784K mutation
conditions are illustrated in Fig. 6. Time-varying
APs of each cell in 1-D strand are illustrated in
the upper parts of the figure, and the different
colors represent the different potentials. Time
runs z-direction from left to right, while space of
1-D strand runs y-direction from the bottom
(ENDO) to the top (EPI). In the bottom parts of
the figure, time-varying pseudo-ECGs simulated

by 1-D strand model are shown. Compared with
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Fig. 5 ERP-BCL relations of three cell types under

control and E1784K mutation conditions

the control condition (Fig. 6(a)), the pseudo-QT
interval is prolonged and the amplitude and width
of T-wave are increased under the E1784K muta-
tion condition (Fig. 6(b)) because of the slow de-
polarization and repolarization of cells, the
lengthened cell repolarization duration and the in-

creased time difference of repolarization between

cells induced by the E1784K mutation.

100 ms

QT=380 ms

(a) Control condition (b) E1784K mutation condition

Fig. 6 Simulations of pseudo-ECGs under two condi-

tions

3 ANALYSIS OF STIMULATION
RESULTS

3.1 Analysis of physiological mechanism on

stimulation results

The above simulation results indicate that
the E1784K mutation decreases the peak current
density of Iy,rbut increases Iy, current, APs and

ERP. Furthermore, the dispersions of APs and

ERP between cells are also enlarged. These
changes result in the prolonged pseudo-QT inter-
val and increase amplitude and width of T-wave.
The prolonged QT interval and increased T-wave
are typical ECG features of LQT3. But the ECG
hallmark of BrS (elevated ST segment) has not
been observed. Therefore, in this simulation
study, the phenotypic overlap between LQT3 and
BrS does not appear. These results suggest that
the E1784K mutation-induced changes in sodium
channel currents are insufficient to produce the
phenotypic overlap between LQT3 and BrS. But
why does the overlap appear in patients with the
E1784K mutation?

The previous experimental research™?' found
that the marked ST segment elevation in ECG of
BrS was associated with the depression of the AP
plateau in epicardium of right ventricular out-
flow, which was due to an increase of Iy, current
and a decrease of I¢, current. This paper hypoth-
esizes that function reconstructions of I, and Ic..
currents under sodium channel dysfunctions
caused by the E1784K mutation may be the major
reason for producing the overlap between LQTS3
and BrS. In order to validate the hypothesis, the
two additional factors (increased Ir,and decreased
Ic.) are reconsidered for the underlying mecha-
nism of the E1784K mutation in this simulation.

Besides the effects of altered Ir,and I¢. s the
altered kinetics of sodium current induced by the
E1784K mutation also effects on APs of EPI cells
and pseudo-ECGs. As shown in Fig. 7, under the
E1784K mutation condition, there is not an obvi-
ous change on AP waveform of EPI cell except
the markedly prolonged AP plateau. The QT-in-
terval of pseudo-ECGs is prolonged and the am-
plitude and width of T-wave are increased. But
the elevated ST segment is not observed.

APs and pseudo-ECGs of EPI cell are simu-
lated via increasing I, current using the methods
in Section 1. 2 (for EPI cell only, the Iy, values of
M and ENDO cells stay unchanged ).

Fig. 8 shows the waveforms of APs and pseudo-
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Fig. 7 APs and pseudo-ECGs of EPI cell under con-

trol and E1784K mutation conditions

ECGs under control, I, (Brs 1) and "E1784K -+
I+, (Brs T )" conditions. Compared with the con-
trol condition, a faster repolarization, lower AP
plateau, shorter APD arise under the Iy, condi-
tion. But they just show features of BrS I in
ECG (the domelike elevation of ST segment with-
out the prolonged QT interval) and the features
of LQT3 are not observed. The AP plateau and
APDs are augmented under "E1784K +I+.,” condi-
tion compared with those under Iy, condition, but
these two parameters are much shorter than those
under control condition. And the ST segment are
elevated like a dome (feature of BrS) while pseu-
do-QT interval are prolonged (feature of LQT3),
thus exhibiting the overlap between LQT3 and
BrS.
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Fig. 8 APs and pseudo-ECGs of EPI cell under con-
trol, I+, (BrS 1) and "E1784K—+11,(BrS 1)"

conditions

APs and pseudo-ECGs of EPI cell are simu-
lated via decreasing I, current using the stimula-
tion methods of BrS (I¢,. values of M and ENDO
cells stay unchanged)"*. Fig. 9 shows the wave-
forms of APs and pseudo-ECGs under control,

decreased I¢ (BrS 1) and "E1784K + Ic.. (BrS

I )" conditions, respectively. Compared with the
control condition, there are a faster repolariza-
tion, lower AP plateau, shorter APD and elevat-
ed ST segment like a saddle after simulation of
decreased I¢.. But the prolonged QT interval is
not observed. The features of BrS T in ECG just
appear under the "E1784K 4 I¢..” condition, and
there is a mild decrease in AP plateau but an in-
crease in APD compared with those under control
condition. Also under this condition, features of
both LQT3 ECG (prolonged pseudo-QT interval)
and BrS ECG (elevated ST segment in pseudo-
ECGs) are observed, thus indicating the overlap
between LQT3 and BrS.
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Fig. 9 APs and pseudo-ECGs of EPI cell under con-

trol, Ica (BrS 1) and "E1784K + Ic.. (BrS

I )” conditions

3.2 Simulation Limitations

There are some limitations in the model: (1)
The TNNP model has not included Ix.., and there
are only canine experimental data of Iy, ; (2)Due
to the lack of experimental data about the recon-
struction of It, or I¢, induced by altered sodium
channel, we directly use the results in Ref. [ 9]
and assume that the altered sodium channel in-
duced by the E1784K mutation results in an in-
crease of I, and a decrease of Ic,. Accordingly,
the precise reconstruction mechanisms of Iy, or
Ic. induced by altered sodium channel cannot be
obtained from the present work. However, these
limitations do not influence the principal conclu-
sions of this paper, that is, the E1784K muta-
tion-induced sodium channel changes is insuffi-

cient to produce the phenotypic overlap between
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LQT3 and BrS, which may arise from a combined
action of the mutation-induced changes in sodium
channel currents and possible increased I, or de-

creased I¢, as seen in BrS.

4 CONCLUSION

To study the problem wether the E1784K
mutation-induced sodium ionic channel alterations
account for the overlap at tissue level, the simula-
tion is implemented by the detailed computational
model incorporated with experimental data in
Ref. [1]. The simulation results indicate that
E1784K mutation-induced sodium channel alter-
ations can explain increased APD and prolonged
QT interval in the clinical ECGs, but cannot ac-
count for elevated ST segment observed in ECGs
of patients with the E1784K gene mutation. The
additional stimulations of Iy, and I¢. show fea-
tures of BrS I and BrS 1 without the LQT3 fea-
tures respectively. The phenotypic overlap be-
tween LQT3 and BrS phenomenon is only repro-
duced by the integration of Iy, and Iy, or In, and
I¢,.. Hence, the underlying cause of the pheno-
typic overlap of LQT3 and BrS may be a com-
bined action of the E1784K mutation-induced
changes in sodium channel currents with an in-
crease of I, or a decrease of I¢,.. In conclusion,
the principal result in this paper suggests that the
E1784K mutation-induced sodium current dys-
function is insufficient to produce the phenotypic
overlap between LQT3 and BrS. The experimen-
tal study or clinical therapy about the E1784K
mutation should not just concentrate on the direct
cause of the E1784K regulating-sodium channel
but consider the complicated reconstruction ef-
fects of other channels such as It,and ¢, currents

caused by the E1784K mutation.
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