
Modelling of cardiac ion channels for 

proarrhythmia risk assay

Jae Boum Youm, MD., PhD.
Department of Physiology, College of Medicine, Cardiovascular 

and Metabolic Disease Center, Inje University



Long QT Syndrome Type 3: Case

NSVT

• A male infant was born after 37 weeks’ gestation to a 40
years old mother, who had been treated throughout
pregnancy with flecainide, 100 mg bid, to treat premature
atrial contractions (PACs) and non-sustained atrial
tachycardia observed by fetal ECG.

• After birth, a Holter monitoring showed a prolonged QTc
interval (~527 ms), ventricular premature complex and
non-sustained ventricular tachycardia (NSVT). Thus,
Long QT syndrome was suspected.

Part 1: LQT-3 mutation and drugs



• LQT1 : loss of function mutation in the KCNQ1 (KvLQT1, 
α subunit of IKs)

• LQT2:  loss of function mutations in the KCNH2 (HERG, 
α  subunit of IKr)

• LQT3: gain of function mutations in the SCN5 (Nav1.5, INa)

• LQT4: Ankyrin B

• LQT5: loss of function mutations in the KCNE1 (minK, 
β subunit of IKs)

• LQT-6: loss of function mutations in the KCNE2 (MiRP1, 
β subunit of IKr)

Long QT Syndrome (LQTS)



Long QT syndrome begins with 
early-after depolarizations (EADs)



Brugada syndrome

• A potentially life-threatening 
heart rhythm disorder

• Type 1 Brugada ECG pattern is 
detected by an ECG test

• Many don’t have any symptoms.  
if they have, dizziness, fainting, 
irregular heartbeats, and sudden 
death at sleep is common.

• 20~25% of cases of Brugada 
syndrome are are associated with 
mutations in SCN5A.

Circ Arrhythm Electrophysiol. 2012;5(3):606-616



Na+-channels

 subunits

• NaV1.1 – 1.3: CNS, PNS, cardiac(1.3)

• NaV1.4: skeletal m.

• NaV1.5: cardiac m, Cajal cell

• NaV1.6: CNS, DRG, PNS, glia

• NaV1.7: DRG, PNS, Schwann cell 

• NaV 1.8 - 1.9: DRG

• Nax: heart, uterus, smooth m., glia

β subunits

• type 1 transmembrane glycoproteins
with an extracellular N-terminus and a
cytoplasmic C-terminus

• SCN1B, SCN2B, SCN3B, SCN4B



Topology of sodium channel

Neurology. 2007;68(3):233-236.



Topological model of the 
cardiac sodium channel (Nav1.5)

PLoS One. 2013;8(6):e67963.SCN5A is the gene that encodes the cardiac 

sodium channel (NaV1.5).



Contribution of Nav1.5 to 
cardiac action potential

• Upstrok velocity of AP

• Peak of AP

• Conduction velocity in heart tissue 



Alterations of INa by drugs



Telmisartan slows inactivation of INa.



Slowing of INa inactivation elongates 
the action potential (AP).

Time (msec) Time (msec)

Pflugers Arch. 2012;464(6):631-43.



The effect of telmisartan is TTX-
sensitive.

Pflugers Arch. 2012;464(6):631-43.



Pharmacology of NaV1.5

Class IA: atrial fibrillation, flutter; supraventricular & ventricular tachyarrhythmias

quinidine* anticholinergic (moderate)
cinchonism (blurred vision, tinnitus, headache, 
psychosis); cramping and nausea; enhances digitalis 
toxicity

procainamide
anticholinergic (weak); 
relatively short half-life

lupus-like syndrome in 25-30% of patients

disopryamide anticholinergic (strong) negative inotropic effect

Class IB: ventricular tachyarrhythmias (VT)

lidocaine* IV only; VT and PVCs good efficacy in ischemic myocardium

tocainide orally active lidocaine analog can cause pulmonary fibrosis

mexiletine orally active lidocaine analog good efficacy in ischemic myocardium

Class IC: life-threatening supraventricular tachyarrhythmias (SVT) and ventricular tachyarrhythmias 
(VT)

flecainide* SVT can induce life-threatening VT

propafenone SVT & VT;
β-blocking and Ca++-channel blocking activity can 
worsen heart failure

moricizine VT; IB activity

Richard E. Klabunde, PhD. 

https://www.cvpharmacology.com/antiarrhy/sodium-blockers



A strategy of customized treatment 

for genetic disorder

Patient-specific iPSCs-CMs

Customized 

treatment

Clinical

Presentation
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Genetic Testing

• Genetic testing

- Sanger sequencing 

- SCN5A c.4967C>A, p.A1656D; novel, de novo, variant of 

unknown significance

- no mutations in major ion channels and transporters such 

as KCNQ1, KCNE1, KCNH2 or KCNE2 or other 

channel-related LQTS genes were identified.  



mouse  1620 FSPTLFRVIRLARIGRILRLIRGAKGIRTLLFALMMSLPALFNIGLLLFLVMFIYSIFGM 1679

rat    1619 FSPTLFRVIRLARIGRILRLIRGAKGIRTLLFALMMSLPALFNIGLLLFLVMFIYSIFGM 1678

guinea 1615 FSPTLFRVIRLARIGRILRLIRGAKGIRTLLFALMMSLPALFNIGLLLFLVMFIYSIFGM 1674

human  1617 FSPTLFRVIRLARIGRILRLIRGAKGIRTLLFALMMSLPALFNIGLLLFLVMFIYSIFGM 1676

************************************************************

A

B

Novel A1656D mutation on the SCN5A gene



Assessing Functional Consequences of 

SCN5A Variants

SCN5A
beta1

WT SCN5A

A1656D SCN5A

site-directed 

mutagenesis



Assessing Functional Consequences of 

SCN5A Variants

Whole-cell patch clamp
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mexiletine

Na+ channel blockers for  long QT 

mutant Na+ channels

ranolazine
flecainide
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Distinct Pharmacology of A1656D Mutant Channels
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In silico Modeling for Prediction of Drug Effects

Science Advances 1, no. 4, e1400142



Model of Na+ channel

J Membr Biol. 2019 Feb;252(1):77-103

𝐼𝑁𝑎 = g𝑁𝑎 ∙ 𝑂 ∙ 𝑉 − 𝐸𝑁𝑎



Model fitting 
- genetic algorithm -

Estimate best fits for experimental data using machine learning genetic algorithm

Initial 

parameter 

set (n=1000)

Selection

(n=20)

Cross-over

Mutation

Nth 

generation 

(n=40)



Model fitting 
- fitting using R -

(1) Get rate constant set for model of Na+ channel at each voltage



Model fitting

(2) fit relation between

voltage and rate constant

set

(3) Simulate voltage-gated

Na+ currents



Model fitting 
- IV curve fitting -



Simulated current traces of WT and 

A1656D
WT A1656D

A1656D A1656D + Mexiletine

A1656D

A1656D A1656D + Ranolazine

A1656D + Flecainide



Current-voltage relations and their drug 

responses



Simulated current-voltage relations and 

their drug responses



Integration into human atrial and 
ventricular myocyte models

Ten Tusscher and Panfilov (2004), AJP

Nygren et al. (1998), Circulation Research





Predicted effect of drugs on human ventricular myocytes

Human 
ventricular myocytes

(at therapeutic conc. 10 μM)

(at therapeutic conc. 1 μM)

(at therapeutic conc. 50 μM)



Human
atrial myocytes

Predicted effect of drugs on human atrial myocytes

(at therapeutic conc. 10 μM)

(at therapeutic conc. 1 μM)

(at therapeutic conc. 50 μM)



WT A1656D



Is prediction correct?

SCN5A 

A1656D

DNA sequence Patch Clamp

A1656D SCN5A defects

 

 

-120 -100 -80 -60 -40
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
a

liz
e

d
 c

u
rr

e
n

t

mVAbnormal 
inactivation

Persistent 
current

Defects improve

Defects persist

+ Mexiletine

+ Flecainide

In Silico Simulation+ Mexiletine Drug response

+ Flecainide

?

?



Mexiletine preferentially resolves 

ventricular arrhythmias in a proband  

NSVT

Flecainide 

Mexiletine

PAC

b-blockers

QTc 527 ms

QTc 479 ms

Revision in JMCC



Is prediction correct? Yes

SCN5A 

A1656D

DNA sequence Patch Clamp

A1656D SCN5A defects
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A brief introduction to CiPA
(Comprehensive In Vitro
Proarrhythmia Assay)

Part 2: CiPA



https://www.fda.gov/media/104642/download

Drugs Withdrawn from Market Due to QTc 

Prolongation or Torsade de Pointes  



https://c-path.org/wp-content/uploads/2019/09/BmPWksp-3_6-CiPA_Mode-ZLi.pdf

Torsade de Pointes and QT 

prolongation

Not all QT prolonging drugs cause 

torsade de pointes!!!



https://www.fda.gov/media/104642/download

Regulatory (ICH) guidelines

• ICH S7B: The nonclinical evaluation of the
potential for delayed ventricular repolarization
(QT interval prolongation) by human
pharmaceuticals

• ICH E14: The clinical evaluation of QT/QTc
interval prolongation and proarrhythmic
potential for non-antiarrhythmic drugs –
randomized, placebo- and positive-controlled
study in healthy volunteers to evaluate QT/QTc
interval at supratherapeutic dose levels



https://www.fda.gov/media/104642/download

QTc Evaluation in Drug 

Development 



https://www.fda.gov/media/104642/download

QTc Prolongation and Concern for 

Torsade de Pointes Risk



Comprehensive in vitro Proarrhythmia 
Assay (CiPA)

https://c-path.org/wp-content/uploads/2019/09/BmPWksp-3_6-CiPA_Mode-ZLi.pdf



Model Development and Validation Strategy

https://c-path.org/wp-content/uploads/2019/09/BmPWksp-3_6-CiPA_Mode-ZLi.pdf



Model Development and Validation Strategy

https://c-path.org/wp-content/uploads/2019/09/BmPWksp-3_6-CiPA_Mode-ZLi.pdf

1. Modeling dynamic drug-

hERG interactions rather

than using simple IC50s

2. Optimizing model

parameters so that the

model can better

recapitulate experimental

data

3. Developing a statistical

framework to translate

experimental variability

into prediction uncertainty

Base cardiomyocyte model: O'Hara T, Virag L, Varro A, & Rudy Y

(2011) PLoS Comput Biol 7(5):e1002061. 



Modeling dynamic drug-hERG 
interactions

Circ Arrhythm Electrophysiol. 2017;10:e004628. DOI: 10.1161/CIRCEP.116.004628.)

Milnes protocol



Trapping behaviors of drugs are revealed by 

Milnes protocol

Circ Arrhythm Electrophysiol. 2017;10:e004628. DOI: 10.1161/CIRCEP.116.004628.)



Verapamil (1μM) (CiPA paper) Verapamil (1μM) 
(simulated using a different source)

Kmax=46460
Ku=0.0007927
n=1.043
halfmax=9184000
Kt=3.5e-5
Vhalf=-100
*free Cmax=81 nmol/L

free Cmax = 81 nmol/L

1st Episode

2nd ~ 10 th Episode

Reconstruction of trapping behaviors of drugs by 

hERG-drug binding model

Kmax=7674000
Ku=0.0001541
n=0.9045
halfmax=475600000
Kt=3.5e-5
Vhalf=-180.9
*free Cmax=81 nmol/L



CL = 500 ms (2Hz) CL = 1000 ms (1Hz) CL = 5000 ms (0.2Hz)

AP clamp (25x Cmax verapamil)
- AUC (area under curve)

CL = 2000 ms (0.5Hz)

Evaluation of reverse-use dependency (RUD): Verapamil

RUD: degree of APD prolongation

*more pronounced at slower heart rates



CL = 500 ms (2Hz) CL = 1000 ms (1Hz) CL = 5000 ms (0.2Hz)

AP clamp (25x Cmax dofetilide)
- AUC (area under curve)

CL = 2000 ms (0.5Hz)

Evaluation of reverse-use dependency (RUD): Dofetilide



Key Mechanism of TdP:
Imbalance of Inward and Outward Currents

https://c-path.org/wp-content/uploads/2019/09/BmPWksp-3_6-CiPA_Mode-ZLi.pdf

Inward Outward

ICaL

(L-type Ca-current)

IKr (hERG + MiRP1)

(Rapidly activating delayed recitifier K-current)

INaL

(Late Na-current)

IKs

(Slowly activating delayed rectifier K-current)

IK1

(Inward retifier K-current)

Ito

(Transient outward K-current)

The net current between inward and 

outward currents reflect their

balance.

Inet = ICaL+INaL+IKr+IKs+IK1+Ito

qNet: Amount of electronic charge

carried by Inet



Torsade Metric Score for Manual 
Training Data

https://c-path.org/wp-content/uploads/2019/09/BmPWksp-3_6-CiPA_Mode-ZLi.pdf



Prediction of the 16 Validation Drugs 
(Hybrid Data)

https://c-path.org/wp-content/uploads/2019/09/BmPWksp-3_6-CiPA_Mode-ZLi.pdf
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Front Physiol. 2017 Nov 21;8:917.

qNet score



Perspectives of CiPA technology

• qNet score may be very useful for prediction of
arrhythmic outcome with a drug administration
at therapeutic concentration.

• However, it requires huge amount of
experimental data (voltage-clamp experiments
by Mines protocol).

• Calculation of uncertainty propagation requires
huge amount computing resources.

• Measurement of net inward current without and
with drugs in action potential clamp mode might
be more practical to predict proarrhythmic risk
of drugs.
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