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ABSTRACT 

 

Even though several in vitro and in vivo QT screening systems (e.g. hERG 

assay, telemetry in conscious animals) are currently used as standardized 

assays for cardiotoxicity, these testing models are deficient. The major reason 

for their poor predictive powers is that they cannot replicate human cardiac 

electrophysiology. With the development of stem cell technologies, in vitro 

assays using human pluripotent stem cell-derived cardiomyocytes (hPSC-

CMs) is suggested as an effective candidate of drug screening platform. The 

aims of this study are to explore the necessity of integrative interpretation 

with multiple types of cardiac ion channels for the cardiotoxicity test, and to 

evaluate the usefulness of adopting hPSC-CMs for the electrophysiological 

study.  

Chapter 1: Comparison of electrophysiological effects of calcium channel 

blockers on cardiac repolarization1 

It is anticipated that Ca2+ channel blockers (CCBs) would shorten action 

potential duration (APD), which could lead to tachycardia. Nevertheless, 

CCBs are widely prescribed to hypertension without serious problems of 

cardiac arrhythmia. Here I investigated the electrophysiological effects of 

dihydropyridine class of CCBs, nicardipine (NIC), isradipine (ISR), and 

amlodipine (AML). All the three CCBs inhibited the L-type Ca2+ currents (ICa) 

whereas the shortening of APD was observed only with ISR. In addition, 

interestingly, NIC and AML also inhibited voltage-gated K+ channels currents 
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(IKr and IKs) at micromolar ranges while ISR did not. I interpret that the 

concomitant K+ channel inhibition by NIC and AML might have compensated 

the AP shortening effects induced by the ICa inhibition.  

Chapter 2: Integrative analysis of cardiac ion channel modulation by 

SARI class antidepressants in human stem cell-derived cardiomyocytes2 

The potential usefulness of human stem cell-derived cardiomyocytes in drug 

toxicity testing is drawing attention to the pharmaceutical industry recently. 

Here I evaluated the usefulness of commercialized human induced pluripotent 

stem cell-derived cardiomyocytes (hiPSC-CMs). The cardiac three types of 

action potentials, nodal (N)-, atrial (A)-, and ventricular (V)-type, and ion 

channels related cardiac AP (IKr, IKs, IK1, If, INa, ICa) were recorded in the cells. 

Additionally, hiPSC-CMs effectively recapitulate the electrophysiological 

behaviors of the major ion channel blockers, (E-4031 for hERG channel, 

tetrodotoxin for Na+ channel, nifedipine for calcium channel), confirming the 

plausibility of a platform for preclinical drug safety assessment. Then I 

analyzed the cardiotoxic effects of trazodone and nefazodone, serotonin 

antagonist and reuptake inhibitor (SARI) class antidepressants, using hiPSC-

CMs or HEK293 cells overexpressing cardiac ion channel. Both drugs 

induced APD prolongation and early afterdepolarizations (EADs) and reduced 

the upstroke velocity in a dose-dependent manner. Consistent with the 

changes in the AP parameters, nefazodone and trazodone inhibited IKr, IKs, INa, 

and ICa, among them especially IKr and INa, but nefazodone had a higher 

inhibitory potency than trazodone.  
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Chapter 3: Differentiation period-dependent changes in the 

electrophysiological properties of human stem cell-derived 

cardiomyocytes 

The assessment of functionality of human embryonic stem cell derived 

cardiomyocytes (hESC-CMs) at early developmental stages is essential for 

determining the appropriate differentiation stage for cardiotoxicity screening. 

In this study, to determine more suitable stage of differentiation required for 

the reliable pharmacological and toxicological testing, I characterized 2 week 

(2W) and 4 week (4W) differentiated hESC-CMs and compared their 

electrophysiological phenotypes and functional maturation using patch-clamp 

technique. The densities of functional ion channels currents, INa, ICa, IKr, IKs, 

and IK1, tended to increase in the 4W hESC-CMs while not significantly. In 

the AP recordings, the 2W hESC-CMs displayed only A-type (87.5%) and N-

type (12.5%) without V-type of APs. However, the 4W hESC-CMs revealed 3 

types of AP with the majority of cells revealed V-type APs (69%). The 

pharmacological responses for anti-arrhythmic drugs revealed that quinidine 

and amiodarone (Na+ and K+ channel blockers, respectively) prolonged APD 

at 90% (APD90) in the 4W hESC-CMs while not in the 2W hESC-CMs. 

Nifedipine significantly shortened APD90 only in the 4W hESC-CMs. 

Taken together, this study demonstrated the drug-induced cardiotoxicity has 

to be estimated with overall effects on multiple ion channels because of their 

compensatory effects between depolarizing and repolarizing currents. The 

hiPSC-CMs could be a valuable testbed for evaluating the proarrhythmic 
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liability of trazodone and nefazodone; electrophysiological properties of 

hiPSC-CMs and their responses faithfully reflected the changes of individual 

ion channel current. The hiPSC-CMs can be an effective model for detection 

of early drug-induced cardiotoxicity beyond the current standard assay of 

hERG K+ channels. However, to use stem cell-derived cardiomyocytes in 

drug screening, at least 4 weeks of differentiation period is required for the 

reliable pharmacological and toxicological testing. 
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GENERAL INTRODUCTION 

Drug development is an extremely time- and cost-consuming process and 

suffers from a high failure rate (~90%) due to the two major reasons: lack of 

efficacy (30% of total fail) and safety issues (another 30%) (4). Especially, 

serious cardiotoxicity including arrhythmia, hyper/hypotension, coronary 

artery disorder, and heart failure have led to many drug withdrawals from 

markets and termination of promising preclinical and clinical drug 

development of candidates (5, 6). Drug-induced cardiac electrophysiological 

alterations including QT prolongation and torsadogenic potential, have caused 

widespread regulatory concern in pharmaceutical industry (7, 8).  

In normal cardiac cells, a variety of ion channels expressed on the 

membrane generate regular action potential (AP) and maintain of the ionic 

concentrations in the cell. As shown in Figure GI-1, the ventricular AP has 5 

phases, numbered 0-4, upstroke (phase 0), early repolarization (phase 1), 

plateau (phase 2), final repolarization (phase 3), and resting (phase 4). These 

phases are generated by the movement of ions through the specific ion 

channels as follows: Phase 0 is the phase of rapid depolarization (upstroke) (9, 

10). The membrane potential shifts into positive voltage range because of Na+ 

(sodium) influx into the cell resulted in Na+ currents. Phase 1 is a period of 

early repolarization. In this phase, the transiently outward K+ (potassium) 

current (Ito) caused the small downward deflection of the AP. Phase 2, a 

plateau phase, is the longest phase. During phase 2, the voltage remains 

relatively constant as Ca2+ (calcium) ion enters the cell while K+ ion exits. 

Phase 3 is the phase of final repolarization that restores the membrane 
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potential to its resting value. The primary currents underlying this phase are 

the rapidly (IKr) and slowly (IKs) activating delayed rectifier K+ channels. 

Phase 4, a resting phase, is stable in the membrane potential at ≈−90 mV. In 

this phase the inwardly rectifying K+ current (IK1) is mainly involved.  

 

Figure GI-1. Illustrations of cardiac action potential and surface 

electrocardiogram (ECG) (illustrated by Kaczorowski GJ et al. (10))  

OS, overshoot; RMP, resting membrane potential. 

 

The average duration of the ventricular AP is reflected in the QT interval on 

the electrocardiogram (ECG). Therefore, factors that prolong the AP duration 
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(APD) (e.g., a decrease in repolarizing K+ currents or an increase in 

depolarizing Na+ current) prolong the APD and also the QT interval on the 

ECG (9). QT prolongation is a recognized risk factor for pro-arrhythmia 

associated with torsades de pointes (TdP) and sudden cardiac death (11). 

Hence many pharmaceutical companies try to quantify drug-induced cardiac 

electrophysiological alterations using in vitro ion channel screening in early 

stage of drug development.  

According to the ICH (International Committee for Harmonization) 

guideline S7B (guideline on safety pharmacology studies for assessing the 

potential for delayed ventricular repolarization), most pharmaceutical 

companies conducted preclinical cardiotoxicity testing with in vitro ion 

channel screening  (especially hERG (the human Ether-à-go-go-Related 

Gene) channel assay) and in vivo or ex vivo studies with laboratory animals 

(APD assay, QT or MAP (monophasic AP) assay), but still cannot fully 

predict the potential arrhythmia induced by drug candidates. Not all drugs 

which blocked hERG channel cause QT prolongation or TdP (e.g. verapamil) 

(12, 13) and QT prolongation does not always provoke TdP (e.g. ranolazine, 

alfuzosin, moxifloxacin) (14-16). Some drugs cause arrhythmias in humans 

that neither inhibit hERG channels in vitro nor cause QT prolongation in 

animal models (17, 18).  

In vitro cell-based drug screening is useful to narrow the large chemical 

libraries into a list of candidate compounds for further testing. However, for 

reliable prediction of cardiotoxicity, the cells used in testing need to 

sufficiently recapitulate the characteristics of the human myocardium. There 

are many sources for cultured cells that can be used in drug screening assays. 

Each cell type has certain advantages, but they also have characteristics that 
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may contribute to the high attrition rate of drug compounds. Arrhythmogenic 

potentials of drugs are much better assessed with animal-based models (19) 

because of their higher sensitivity and specificity. However, these models also 

have limitations of ethical concerns, species differences (20), and cost. Thus, 

primary adult human cardiomyocytes (CMs) would be ideal for in vitro drug 

screening, however, these cells are scarce, difficult and costly to harvest, and 

also have limited time in culture (21). 

To overcome the limitations of the currently used assays for preclinical 

safety of pharmaceutical compounds, human pluripotent stem cell-derived 

cardiomyocytes (hPSC-CMs) are drawing attention. They include human 

embryonic stem cell (22)- and induced pluripotent stem cell (hiPSC)-derived 

CMs. The hiPSC-CMs provide a potentially unlimited source of human CMs. 

In addition, they could also overcome the ethical hurdles that burden hESC-

CMs. The noble techniques using hiPSC-CMs have been acknowledged by 

the pharmaceutical industry, and also by the recent announcement by the US 

Food and Drug administration of a new paradigm for the evaluation of new 

molecular entities: the comprehensive in vitro pro-arrhythmia assay (CiPA) 

(23). The proposed CiPA approach include the following: (i) screening of drug 

action on multiple human cardiac currents (rather than just hERG) in 

heterologous expression systems; (ii) integration of ion channel/drug 

interaction data in in silico models of human ventricular electrophysiology to 

predict and evaluate changes in the human AP; and (iii) in vitro evaluation of 

compound effects in a myocyte assay such as hiPSC-CMs and comparison to 

the in silico results. 
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For the reliable safety testing, the in vitro-differentiated cardiomyocytes 

should sufficiently recapitulate the characteristics of human adult CMs. 

Several previous studies showed that hESC-CMs have similarities to human 

CMs in terms of electrophysiology, calcium handling, receptor response, 

growth, proliferation and survival (22, 24-27). However, other studies also 

showed some limitations of hPSC-CMs as follows; (i) the expression levels of 

genes for sarcomeric proteins in hiPSC-CMs more closely resembled those in 

fetal CMs (28); (ii) they have increased automacity compared with human 

ventricular CMs due to lack of IK1 (29). The hPSC-CMs could be further 

matured through extended culture period by applying mechanical stretching, 

pharmacological/neurohormonal agonists, and electric stimulation (30).  

Before hiPSC-CMs are adopted for pharmacological screening, they need 

to be carefully validated for usefulness. They have to be confirmed to display 

similar electrophysiological properties based on ionic currents and cardiac 

APs. In addition, their pharmacological sensitivity need to be identified using 

well-known compounds including specific ion channel blockers (e.g. E-4031 

for hERG channel blocker, TTX for Na+ channel blocker) and cardiotoxic 

agents. 

With these backgrounds, the present study was conducted to explore the 

necessity of integrative interpretation with multiple types of cardiac ion 

channels for the cardiotoxicity test. To evaluate the usefulness of adopting 

hPSC-CMs for the electrophysiological study, I also investigated to determine 

more suitable stage of differentiation required for the reliable pharmacological 

and toxicological testing. 
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CHAPTER 1 

Comparison of electrophysiological 

effects of calcium channel blockers on 

cardiac repolarization 
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INTRODUCTION 

Calcium channel blockers (CCBs) were developed in the 1970s and are 

now widely used for cardiovascular diseases such as hypertension and 

ischemic heart disease (31-34). Since CCBs also potently inhibits Ca2+ influx 

in arterial myocytes, they induce vascular relaxation and lowering the blood 

pressure. CCBs are divided into several subtypes based on their chemical 

structures and functional mechanisms: the dihydropyridine, phenylalkylamine 

and benzothiazepine classes. According to clinical guidelines, dihydropyridine 

CCBs belong to the recommended first-line antihypertensive drugs to treat 

essential hypertension (35). Nicardipine (NIC, first-generation), isradipine 

(ISR, second-generation), and amlodipine (AML, third-generation) belong to 

the dihydropyridine-derivative group of CCBs (Figure 1-1).  

On the cardiac AP, voltage-gated Na+ channel current (36) causes initial 

depolarization of upstroke phase, and thus open the voltage gated Ca2+ 

channel to open, allowing Ca2+ into the cell to prolong the AP and onto the 

sarcoplasmic reticular membrane to stimulate contraction through Ca2+-

induced Ca2+ release (CICR) (37). CCBs hinder calcium entry to the cardiac 

myocytes, thereby reducing the amount of Ca2+ available to induce CICR (38).  

A unique feature of cardiac AP is the plateau phase of sustained 

depolarization that is due to both delayed activation of voltage-gated K+ 

channels currents (IKv) and VOCC current (ICa). Since the balance between ICa 

and IKv determines the amplitude and duration of the plateau phase of cardiac 

AP, pharmacological inhibition of the associated ion channels has been a 
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critical issue of cardiac toxicity in terms of electrophysiology. IKv is composed 

of rapidly-activating and slowly-activating voltage-gated K+ channel currents 

called IKr and IKs, respectively. The inhibition of hERG K+ channel, the major 

component of IKr is the most intensively investigated target (39). Along with 

the decreased hERG activity due to either pharmacological agents or genetic 

mutations, suppression of slowly-activating voltage-gated K+ channel current 

(IKs) also induce the prolongation of action potential duration (APD) (40). An 

abnormal APD prolongation predispose to arrhythmia due to early after-

depolarization (EAD). EAD was defined as the cells generating oscillatory 

potentials at depolarized levels. In the heart, drug-induced QT interval 

prolongation in ECG is recognized as potential risks such as TdP (41, 42). 

Conversely, however, less is known about short QT syndrome. Nevertheless, 

genetic disorders or pharmacological side effects may induce abnormally 

short QT intervals that could potentially increase the risk of sudden death with 

atrial fibrillation and/or ventricular fibrillation (43-48).  

In contrast to the inhibition of K+ channels, decreased ICa is expected to 

shorten APD and/or modify the shape of plateau in the cardiac AP. Therefore, 

CCBs can theoretically cause APD shortening. However, the above CCBs are 

widely used without severe side effects. Such results might be due to the low 

plasma concentrations of CCBs in the patients prescribed with CCBs. Another 

possibility is a putative compensatory inhibition of K+ channels such as hERG, 

which might counterbalance the APD shortening effect of CCBs. However, 

precise investigations on the latter possibility is lacking yet. The purpose of 

this study was to examine the effects of NIC, ISR, and AML on the AP in 
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rabbit Purkinje fibers and on cardiac ion channel currents, especially K+ 

channels currents associated with the repolarization process. The integrated 

analysis of cardiac ion channels might provide a novel insight to understand 

the pharmacological effects of CCBs without critical side effects in the 

clinical applications. 

 

  



１０ 

 

 

Figure 1-1. Chemical structures of dihydropyridine class-calcium channel 

blockers, NIC, ISR, and AML 

The red dashed circles indicate dihydropyridine molecule which is common 

structure of the three CCBs, NIC (A), ISR (B), and AML (C). 
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MATERIALS AND METHODS 

1. Animals  

The experiments for AP recording and ICa analysis were performed using 

New Zealand white rabbit (2.5 – 3.5 kg) and male Sprague-Dawley (SD) rats 

(250 – 350 g), respectively. The animals were kept in a storage room under 

the conditions of constant temperature (23 ± 3℃), relative humidity (50 ± 

10%), and illumination (12 h light/dark cycles) until the initiation of the 

experiment. This study was conducted in facilities approved by the 

Association for Assessment and Accreditation of Laboratory Animal Care 

(AAALAC) International. All procedures were approved by our Institutional 

Animal Care and Use Committee (IACUC). 

 

2. Cell preparation   

To assess the effects of CCBs on IKr, IKs, IK1, and INa, HEK293 (the human 

embryonic kidney 293, ATCC, CRL-1573™, USA) cells were transiently 

transfected with the following genes using Lipofectamin2000 (Gibco BRL, 

USA) according to the manufacturer’s instructions. The hERG (human ether-

a-go-go-related gene corresponding to IKr), KCNQ1/KCNE1 (the gene 

corresponding to IKs), KCNJ2 (the gene corresponding to IK1) or SCN5A (the 

gene corresponding to INa) cDNA was co-transfected with green fluorescence 

protein (GFP) to allow assessment of the transfection efficiency. The 

overexpression system was adopted for the analysis of pharmacological drug 

effects on the above ionic currents because reliable functional isolation of 
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respective ion channel current in cardiomyocytes is technically difficult. 

Although the HEK293 cells endogenously express voltage-gated K+ currents, 

the peak amplitudes were less than 10% of the overexpressed IKr and IKs 

amplitudes. 

To assess the effects of CCBs on the calcium currents, however, 

enzymatically isolated rat ventricular myocytes (rVMs) were used because 

consistent co-expression of multilple subunits (α1, α2δ, β, γ) of L-type Ca2+ 

channel proteins were requested. Briefly, the hearts were rapidly excised from 

anesthetized SD rats and perfused via the aorta on a Langendorff apparatus 

with an oxygenated normal Tyrode’s (NT) solution for 5 min to clear the 

blood, then perfused with Ca2+-free NT solution for about 3 min. Next the 

heart was perfused with enzyme solution containing 0.6 mg/ml collagenase 

(Worthington, type 2, USA) for 30-40 min. Finally, this enzyme-containing 

solution was washed out for 5 min with a high-K+ and low-Cl- Kraft-Bruhe 

(23) solution. Following the isolation procedure, the left ventricle was 

dissected out and agitated mechanically with a fire-polished Pasteur pipette in 

KB solution to obtain single myocytes. The isolated myocytes were stored at 

4°C until use for up to 8 hour. 

 

3. Drugs and Solutions   

NIC, ISR and AML were purchased on Sigma-aldrich (MO, USA). These 

were formulated into stock solution with dimethyl sulfoxide (DMSO). All the 

drug stock solutions were diluted in NT solution to produce the target 

exposure concentrations. The concentration of DMSO in NT was always kept 
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below 0.1%. The external solution for recording the IKr, IKs and INa was NT 

solution as follows (in mM): 143 NaCl, 5.4 KCl, 1.8 CaCl2, 0.5 MgCl2, 5 

HEPES, 0.33 NaH2PO4 and 16.6 glucose (pH adjusted to 7.4 with NaOH).  

The internal solution for recording IKr contained the following (in mM): 

130 KCl, 5 Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid 

(EGTA), 10 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 1 

MgCl2, and 5 Mg-ATP (pH adjusted 7.25 with KOH). For recording IKs the 

internal solution contained (in mM) 150 KCl, 5 EGTA, 10 HEPES, 2 MgCl2, 

1 CaCl2 and 5 Na2-ATP (pH adjusted 7.25 with KOH). For recording IK1, the 

internal solution contained (in mM): 130 K-Asp, 15 KCl, 10 HEPES, 1 MgCl2, 

5 Na2-ATP, 5 EGTA (pH adjusted 7.25 with KOH). For recording INa, the 

internal solution contained 105 CsF, 35 NaCl, 10 EGTA, 10 HEPES (pH 

adjusted to 7.25 with NaOH).  

For recording ICa, the fresh isolated rat ventricular myocytes (rVM) were 

superperfused with an external solution that consisted of (in mM): 137 cholin-

Cl, 5 CsCl, 0.5 MgCl2, 2 4-AP, 10 HEPES, 10 glucose and 1.8 CaCl2 (pH 

adjusted to 7.4 with NaOH). The internal solution for ICa recording contained 

(in mM): 20 CsCl, 100 Cs-aspartate, 10 EGTA, 10 HEPES, 20 

Tetraethylammonium chloride (TEA-Cl), 5 Mg-ATP (pH adjusted to 7.25 

with KOH). KB solution for storage of the freshly isolated rat ventricular 

myocytes contained (in mM): 70 K-glutamate, 55 KCl, 10 HEPES, 3 MgCl2, 

20 taurine, 20 KH2PO4, 0.5 EGTA (adjusted to pH 7.2 with KOH). 
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4. Recording of action potentials   

The rabbits were anesthetized with pentobarbitone sodium (30 – 50 mg/kg 

i.v.) and then their hearts were rapidly removed and placed in oxygenated NT 

solution to pump the remaining blood out. The left ventricle was opened and 

Purkinje fibers were carefully dissected out with a small piece of ventricular 

tissue to be pinned in the experimental chamber. The isolated Purkinje fibers 

were superfused with oxygenated NT solution (5 ml/min) maintained at 37 ± 

0.5℃. The preparations were electrically stimulated at a basal rate (frequency 

= 1 Hz, duration = 2 ms, voltage = 1.5 – 2 V). Two hours were allowed for 

each preparation to equilibrate while continuously superfused with NT 

solution. Action potentials were recorded using the conventional intracellular 

recording technique involving a glass microelectrode filled with 3 M KCl and 

connected to a Geneclamp 500B (Axon Instruments, CA, USA). Action 

potential duration at 50% and 90% repolarization (APD50 and APD90) was 

automatically measured using NOTOCORD-hem™ program (NOTOCORD, 

France) at a sampling rate of 50 kHz. Before drug treatment, action potential 

parameters were measured in NT for 1 hour to establish stable control value 

recording. The vehicle control (0.1% DMSO in NT) and drugs were perfused 

every 20 min after the stable AP were obtained. Besides AP, resting membrane 

potential (RMP), AP amplitude (APA), and maximum velocity of initial 

depolarization (dV/dtmax) were analyzed (Table 1-1).  

Exclusion criteria: 

The PFs were discarded if one of the following parameters during the 

control recording was out the following ranges: -95 mV < RMP < -75 mV and 
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200 ms < APD90 < 350 ms. All the fibers used in this study were no 

spontaneous beating without external electric stimulation. 

 

5. Recording of ionic currents   

The cells were placed in a recording chamber on the stage of a Nikon 

inverted microscope, and continuously perfused (5 ± 1 ml/min) with 37 ± 1°C 

bath solution. Ionic currents were recorded in a whole-cell configuration with 

a standard patch clamp technique using a HEKA EPC8 amplifier (Electronik, 

Lambrecht, Germany). Data were recorded during the approximately 5 

minutes following initial application of the bath solution to verify currents 

stability. Test drug solutions were subsequently superfused for approximately 

5 minutes to achieve steady-state blocks. To investigate the effect of these 

drugs on the ion channel currents, various concentrations (0.01 – 30 μM) of 

drugs were tested. Voltage-clamp protocol generation and data acquisition 

were controlled by computers equipped with an A/D converter, Digidata 

(Axon Inc., USA) and RClamp software developed by Seoul National 

University (Seoul, Korea). The patch pipettes were made from borosilicate 

glass capillaries (Clark Electromedical Instruments, UK) using a pipette puller 

(PP-830, Narishige, Japan). Their resistances were 3-4 MΩ when filled with 

pipette solution. The current signals were filtered at a sampling rate of 5 kHz, 

and they were low-pass filtered at 1 kHz and stored on computer. All 

experimental parameters, such as pulse generation and data acquisition, were 

controlled using the RClamp software. 
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6. Statistical Methods   

Data analysis and curve fitting of patch clamp experiments were carried out 

using RClamp, GraphPad InStat (GraphPad Software, San Diego, CA), and 

SigmaPlot 2000 (SPSS Inc., Chicago, IL). Pooled data are expressed as means 

± standard errors of the mean (SEM), and statistical comparisons were made 

with p<0.05, or p<0.01 considered significant. Current amplitudes were 

measured before and after application of the respective drugs. The percent 

inhibition values were calculated according to the following equation:  

%inhibition = 

Initial current amplitude (control) - Current 

amplitude in the presence of drug 
x100 

  

Initial current amplitude (control)   

Effects were calculated from the results of several repeated experiments per 

concentration of the drugs. Concentration response relations were calculated 

by a non-linear least squares fit equation [Hill equation; f = xH/(IC50H+xH); H 

= Hill coefficient, IC50 = IC50, x = concentration, f = inhibition ratio] using 

the SigmaPlot 2000 program for the half-maximum inhibiting concentration 

(IC50). 
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RESULTS 

Effects of CCBs on ICa,L in rVMs 

The ICa of rVMs was activated by a depolarizing step pulse (0 mV, 500 ms) 

from the holding potential of -80 mV. All three CCBs inhibited the ICa in a 

concentration-dependent manner (Figure 1-2). NIC at 0.01, 0.1, 1, and 10 µM 

reduced the ICa amplitude by 18.4%, 41.5%, 78.3%, and 99.4%, respectively 

(n = 3, Figure 1-2A and B). ISR at the same concentrations attenuated the ICa 

amplitude by -3.2%, 22.6%, 89.9%, and 99.8%, respectively (n = 3, Figure 1-

2C and D). In addition, AML also had potent inhibitory effect on ICa. AML 

reduced the ICa amplitude by 13.8%, 34%, 72.5%, and 100% at 0.01, 0.1, 1, 

and 10 µM, respectively (n = 3, Figure 1-2E and F). The IC50 values were 

0.142 ± 0.03 µM for NIC, 0.229 ± 0.02 µM for ISR, and 0.227 ± 0.058 µM 

for AML (Figure 1-2B, D, and F). 

 

Effect of NIC, ISR, and AML on INa in SCN5A-transfected HEK293 

In the SCN5A-overexpressed cells, INa was generated by a step pulse from -

100 mV of holding voltage to -40 mV of 20 ms duration. The CCBs also 

inhibited INa at micromolar ranges (Figure 1-3A, C, and E). 30 µM ISR almost 

completely inhibited INa while NIC and AML inhibited INa by about 80% at 30 

µM. When fitted to a Hill function, their IC50 values were 7.08, 3.05, and 6.38 

μM for NIC, ISR, AML, respectively (each n = 4, Figure 1-3B, D, and F). 
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Figure 1-2. Effect of NIC, ISR, and AML on ICa in rat cardiomyocytes 

ICa traces of rat cardiomyocytes under before and after application of 0.01, 0.1, 

1, and 10 μM of NIC (A), ISR (C), and AML (E). Concentration-response 

relationship for NIC (B), ISR (D), and AML (F) to block of ICa (each n = 3). 

 



１９ 

 

 

Figure 1-3. Effect of NIC, ISR, and AML on INa in SCN5A-transfected 

HEK293 

Representative INa traces under control conditions and after application of 

various test concentrations (1, 3, 10, and 30 μM) of NIC (A), ISR (C), and 

AML (E). Statistical summary and Hill’s fitting of concentration–dependent 

inhibitions of INa for NIC (B), ISR (D), and AML (F) (each n = 4).  
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Effects of CCBs on the cardiac AP 

Figure 1-4 shows the concentration-dependent effects of NIC, ISR and 

AML on the AP configurations in rabbit Purkinje fibers. NIC at a 

concentration of 30 μM induced a triangulated AP and significantly shortened 

the APD50 compared vehicle control by -65.8 ms ± 9.9 (n = 3, p < 0.05), while 

not affecting APD90 (Figure 1-4A and B). The other AP parameters, including 

RMP, dV/dtmax and APA were not changed (Table 1-1). AML at 30 μM also 

significantly shortened the APD50 by -58.1 ms ± 8.5 (n = 3, p<0.05) while not 

significantly decreased the APD90 (Figure 1-4C and D). AML also decreased 

the APA by -7.8 mV ± 3.0 compared to vehicle control (Table 1-1). NIC and 

AML induced a triangulated shape of AP (Figure 1-4A and E). Unlike NIC 

and AML, ISR at 30 μM significantly shortened both the APD50 and APD90 by 

-86.8 ms ± 6.1 and -86.6 ms ± 8.8, respectively (n = 4, p<0.01). In addition, 

ISR at 30 μM significantly decreased the dV/dtmax (-116.4 V/s ± 11.6, p<0.05), 

but had no significant effect on the RMP and APA (Table 1-1).  
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Figure 1-4. Concentration-dependent effects of NIC, ISR and AML on 

the AP duration in rabbit Purkinje fibers 

Representative recordings for the effect of NIC (A), ISR (C), and AML (E) 

on the cardiac APs in rabbit Purkinje fibers. Effects of NIC (B), ISR (D), and 

AML (F) on the AP duration at 50% (APD50, opened circles) and 90% 

repolarization (APD90, closed circles). Data are expressed as mean ± SEM and 

compared by ANOVA followed by Dunnett’s test (n = 3 in NIC and AML, n = 

4 in ISR). *p<0.05; **p<0.01, compared with VC (vehicle control, 0.1% 

DMSO in NT). 
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Table 1-1 Effects of CCBs on the electrical parameters of rabbit Purkinje 

fibers 

  Concentration RMP (mV) dV/dtmax (V/s) APA (mV) 

NIC     0 (VC) -78.5 ± 0.6 407.3 ± 92.1 113.9 ± 4.5 

(n = 3) 10 nM -80.4 ± 2.1 395.1 ± 89.4 114.7 ± 3.8 

 300 nM -79.8 ± 2.6 384.9 ± 71.3 115.8 ± 2.1 

 1 μM -80.9 ± 4.0 376.7 ± 67.7 112.8 ± 2.5 

 30 μM -81.7 ± 6.1 337.1 ± 69.4 110.2 ± 3.1 

ISR     0 (VC) -85.4 ± 1.9 259.5 ± 22.6 113.2 ± 2.6 

(n = 4) 10 nM -85.7 ± 2.6 250.7 ± 23.0 113.4 ± 2.9 

 300 nM -82.6 ± 1.1 257.3 ± 31.4 112.6 ± 3.4 

 1 μM -82.4 ± 1.5 238.0 ± 41.8 111.1 ± 4.3 

 30 μM -80.6 ± 2.9  143.1 ± 22.7* 103.4 ± 3.4 

AML     0 (VC) -79.3 ± 2.2 329.1 ± 48.0 118.7 ± 0.3 

(n = 3) 10 nM -78.3 ± 2.4 323.1 ± 44.2 118.4 ± 1.2 

 300 nM -78.7 ± 2.6 322.8 ± 45.0 119.1 ± 1.7 

 1 μM -77.8 ± 2.3 306.4 ± 47.1 119.2 ± 0.9 

 30 μM -75.3 ± 2.1 250.6 ± 37.2  110.9 ± 3.2* 

Data are expressed as mean ± SEM. The data were analyzed for homogeneity 

of variance using Bartlett's test. Homogeneous data were analyzed using the 

Analysis of Variance and the significance of inter-group differences between 

each dose groups and the vehicle-control group were assessed using Dunnett's 

test. Heterogeneous data were analyzed using Kruskal-Wallis test and the 

significance of inter-group differences between the control and test article 

groups were assessed using Dunn's Rank Sum test. Statistical analyses were 

performed by using Statistical Analysis Systems (SAS/STAT Version 9.2, 

Cary, USA). RMP, resting membrane potential; dV/dtmax, maximal upstroke 

velocity of phase 0; APA, action potential amplitude. *p<0.05. VC, vehicle 

control (0.1 % DMSO-contained NT solution)  
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Effect of NIC, ISR, and AML on IKr in hERG-transfected HEK293 

cells 

To examine the tail components of IKr which reflect the repolarizing K+ 

current in the cardiac AP, the cells were depolarized for 2 s to +20 mV from a 

holding potential of -80 mV followed by a 3s repolarization back to -40 mV. 

Figure 4A shows the representative cases of the voltage-clamp recording from 

hERG-transfected HEK293 cells. NIC and AML commonly inhibited IKr in a 

concentration-dependent manner, and almost complete inhibition was 

observed at 30 μM (Figure 1-5A, E). NIC at concentrations of 0.1, 0.3, 1, and 

3 µM reduced the IKr amplitude by 5.1 ± 2.9%, 13.0 ± 2.5%, 40.1 ± 5.5%, and 

83.0 ± 7.3%, respectively (n = 4). AML at the same concentrations inhibited 

the IKr amplitude by 5.2 ± 2.9%, 17.5 ± 3.3%, 67.6 ± 4.0%, and 90.4 ± 5.1%, 

respectively (n = 4). However, ISR at 1, 3, 10, and 30 µM inhibited the IKr 

amplitude by 2.6 ± 1.6%, 15.6 ± 7.7%, 26.0 ± 7.3%, and 42.2 ± 6.6%, 

respectively (n = 4). The Hill equation fitting function was applied and IC50 

(half maximal inhibitory concentration) values were measured to examine the 

relative potency of IKr inhibition (Figure 1-5B and F). The IC50 values were 

0.88 ± 0.05 µM for NIC and 6.78 ± 0.36 µM for AML. Since the maximum 

inhibition rate of ISR was smaller than 50%, we could not obtain the IC50 

value for ISR. 
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Figure 1-5. Effect of NIC, ISR, and AML on IKr in hERG-transfected 

HEK293 cells 

Representative IhERG traces under control conditions and after application of 

various test concentrations (0.1 - 30 μM) of NIC (A), ISR (C), and AML (E). 

Statistical summary and Hill’s fitting of concentration–dependent inhibitions 

of INa for NIC (B), ISR (D), and AML (F) (each n = 4).  
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Effect of NIC, ISR, and AML on IKs in KCNQ1/KCNE1-cotransfected 

HEK293 cells 

For recording IKs, the KCNQ1/KCNE1-coexpressing cells were depolarized 

for 3 s to +60 mV from a holding potential of -80 mV, followed by a 3s 

repolarization back to -40 mV. Figure 1-6A, C, and E shows the representative 

current traces under control conditions and after exposure to 1, 3, 10, and 30 

µM NIC, ISR, and AML. Similar to the effects on IKr, NIC and AML inhibited 

the IKs in a concentration-dependent manner while ISR incompletely inhibited 

IKs even at 30 µM. Figure 1-6B, D, and F shows the concentration-response 

curves for these drugs. The IC50 values were approximately 9.61 ± 1.01 µM 

for NIC (Figure 1-6B) and 5.81 ± 0.5 µM for AML (Figure 1-6F). Since the 

maximum inhibition rate of ISR was smaller than 50%, we could not obtain 

the IC50 value for ISR (Figure 1-6D). 

 

Effect of NIC, ISR, and AML on IK1 in KCNJ2-transfected HEK293 

cells 

Figure 1-7A, C, and E shows the represented currents traces from KCNJ2-

transfected HEK293 cells and the effects of CCBs. The IK1 was elicited by a 

hyperpolarizing step pulse from -80mV to -120 mV of 1 s duration. All of the 

three drugs inhibited the IK1 in a concentration-dependent manner, however, 

the maximum inhibition rates of NIC and ISR at 30 µM were below 50 % 

(45.4 ± 5.3%, and 21.7 ± 2.8%, respectively, each n = 4). The IC50 value of 

AML on the IK1 was 9.78 ± 0.18 µM (n = 4, Figure 1-7F). 
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Figure 1-6. Effect of NIC, ISR, and AML on IKs in KCNQ1/KCNE1-

cotransfected HEK293 cells 

Representative IKs traces under control conditions and after application of 

various test concentrations (1, 3, 10, 30 μM) of NIC (A), ISR (C), and AML 

(E). Statistical summary and Hill’s fitting of concentration–dependent 

inhibitions of INa for NIC (B), ISR (D), and AML (F) (each n = 4).  
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Figure 1-7. Effect of NIC, ISR, and AML on IK1 in KCNJ2-transfected 

HEK293 cells 

Representative IK1 traces under control conditions and after application of 

various test concentrations (1 - 30 μM) of NIC (A), ISR (C), and AML (E). 

Statistical summary and Hill’s fitting of concentration–dependent inhibitions 

of INa for NIC (B), ISR (D), and AML (F) (each n = 4).  
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Table 1-2 IC50 values and Hill coefficients of NIC, ISR, and AML for 

cardiac major ion channel currents 

  NIC ISR AML 

IKr IC50 (μM)    0.88 ± 0.05 >30 6.78 ± 0.36 

 Hill coefficient 1.37 ± 0.11 - 1.74 ± 0.13 

IKs IC50 (μM)  9.61 ± 1.01 >30 5.81 ± 0.50 

 Hill coefficient   1.07 ± 0.12  1.11 ± 0.10 

IK1 IC50 (μM)       >30 >30 9.78 ± 0.18 

 Hill coefficient - - 1.57 ± 0.04 

INa IC50 (μM)    7.08 ± 0.72 3.05 ± 0.34 6.38 ± 0.90 

 Hill coefficient   1.16 ± 0.13 1.28 ± 0.18 0.76 ± 0.10 

ICa IC50 (μM)  0.142 ± 0.031 0.229 ± 0.024 0.227 ± 0.058 

 Hill coefficient   0.67 ± 0.09 2.91 ± 0.33 0.72 ± 0.12 

 

Concentration response relations were calculated by a non-linear least squares 

fit equation [Hill equation; f = xH/(IC50H+xH); H = Hill coefficient, IC50 = 

IC50, x = concentration, f = inhibition ratio] using the SigmaPlot 2000 

program for the half-maximum inhibiting concentration (IC50). NIC, 

nicardipine; ISR, isradipine; AML, amlodipine 
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DISCUSSION 

Here I evaluated the electrophysiological safety of the most commonly used 

dihydropyridine class of CCBs by assessing their effects on the ion channel 

currents involved in cardiac APD and on repolarization phase in rabbit 

Purkinje fibers. Despite the common inhibitory effects on ICa, the APD 

shortening was not consistent between the three CCBs tested here. APD90 was 

significantly decreased only by ISR from 1 μM whereas APD50 was 

commonly decreased by NIC, ISR and AML at 30 μM. As a result, the AP was 

generally shortened by ISR whereas showed triangulation in response to NIC 

and AML. In addition to the above findings, ISR at 30 μM decreased the RMP 

and dV/dtmax while not the APA (Table 1-1). The decrease of dV/dtmax might 

be due to the more potent inhibition of INa by ISR than by NIC and AML 

(Figure 1-3). 

Except ISR, relatively high concentrations of NIC and AML were required 

to significantly decrease the APD90 of rabbit Purkinje fibers. Indeed, the 

present ICH S7B guideline does not specifically address the possibility of a 

drug-induced shortening of the QT interval (49). Although the QT-shortening 

could potentially increase the ventricular tachycardia and the ventricular 

fibrillation risk of sudden death (45, 46, 48, 50, 51), Roden (52) and 

Hondeghem (53, 54) have suggested that simple QT interval change is a poor 

marker for proarrythmic susceptibility. However, many experiments in 

isolated rabbit hearts demonstrated that triangulation (prolongation of the fast 

repolarization phase) is proarrhythmic (54), that was confirmed by other 
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groups (55-58). Triangulation may be accompanied by either shorting or 

lengthening of the total action potential duration. In this study, NIC and AML 

induced the triangulation of AP. However, relatively high concentration (e.g. 

30 μM) was required to reveal the triangulation of AP.  

Several large clinical trials that have consistently shown that no significant 

increase in sudden cardiac death with dihydropyridine CCBs even in 

vulnerable patients (59-62). In fact, the reported plasma concentrations of NIC, 

ISR and AML ranges below micromolar concentrations (63-68) where no 

significant changes in APD were observed with NIC and AML in the present 

study. However, the potent inhibition of ICa without significant APD 

shortening by NIC and AML requires further explanation besides the low 

plasma concentrations. 

Despite the concern about the severe shortening or triangulation of cardiac 

AP, the lack of actual clinical problems might be due, at least partly, to the 

concomitant changes in other ion channel activities suggested here. In 

addition to the inhibition of ICa,L, NIC and AML showed concentration-

dependent inhibition of IKr and IKs (Figure 1-5 and Figure 1-6). The inhibitory 

effects of ISR on IKr and IKs were incomplete (<50 % at 30 μM). Since the 

voltage-gated K+ channels would mainly contribute to cardiac repolarization, 

their inhibition by NIC and AML might compensate for the putative APD 

shortening effects of CCBs (Table 1-2). 

In summary, despite the potent ICa inhibition, NIC and AML do not induce a 

significant shortening of APD up to 30 μM of applied concentration. 

According to ion channel studies, concomitant inhibition of IKr and IKs might 
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differentially counterbalance the influence to cardiac repolarization of CCBs. 

Further investigation of other classes of CCBs’ effects on the cardiac K+ 

channel currents are requested for the integrative understanding of cardiac 

toxicity. 

Limitations 

On the APD assay, all of tested fibers that escaped the exclusion criteria 

were randomly allocated to each test agent. However, since the numbers of 

tested animals are not large (3~4 animals per agent), accidental gathering of 

Purkinje fibers, there were some variations in control values between agents. 

(Table 1-1). 

To calculate the IC50 for each cardiac ion channels of CCBs, only the 

inhibitory potentials were measured at peak currents for hERG, IKs, INa, ICa 

and at the end of stable currents for IK1 on each maximal activation voltage. In 

addition to acute inhibition of functional ion channels located in the plasma 

membrane, some drugs have been revealed to decrease ionic currents 

chronically through impairment of protein trafficking to the cell surface (69-

71). As well as acute current blockade, the disruption of the channel protein 

trafficking into cell surface membrane has been reported to induce adverse 

effects (72). Therefore, to better understand the inhibitory mechanisms of the 

ion channels by the CCBs, the further experiments for ion channel kinetics 

and channel protein trafficking could be conducted. 
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CHAPTER 2 

Integrative analysis of cardiac ion 

channel modulation by SARI class 

antidepressants in human stem cell-

derived cardiomyocytes 
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INTRODUCTION 

Several types of in vitro (e.g. hERG assay) and in vivo QT screening 

systems (e.g. Telemetry) are currently in use with standardized protocols. 

However, none of the assay systems reflects the genuine properties of the 

human cardiac cells yet. The recently established human induced pluripotent 

stem cell-derived cardiomyocytes (hiPSC-CMs) can be used as an in vitro 

preclinical model to predict cardiotoxicity. Unlike primary culture models of 

human cardiomyocytes, which lose their ability to beat in the process of 

proliferation, hiPSC-CMs express cardiac contractile proteins and functional 

ionic channels to allow the physical contraction of myocytes (28, 73-75). The 

development of an in vitro system based on hiPSC-CMs could provide more 

relevant human cell lines for drug safety assessment in a reproducible manner 

(36, 76, 77). Although the endogenous electrophysiological properties of 

hiPSC-CMs have been well reported (74, 78), there is a paucity of data 

concerning drug-induced responses that validate hiPSC-CMs as an in vitro 

preclinical model for toxicological evaluation.  

Antidepressants for depressive disorders also affect the autonomic nerves 

innervating the heart and are associated with cardiovascular mortality (79-82). 

Although a second-generation antidepressant, nefazodone (83-85), has been 

initially claimed to have significantly less cardiovascular side effects than the 

first-generation tricyclic antidepressants (86-88), an increasing number of 

studies on nefazodone have raised concerns regarding its cardiac safety. 

Trazodone also belong to a class of SARIs. Although SARIs have been shown 
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to be associated with reduced cardiovascular side effects when compared to 

their predecessors, an increasing number of studies have raised doubts 

regarding the safety of SARIs (89-91). 

Such concerns were raised by a case of QT prolongation and torsade de 

pointes (TdP) tachyarrhythmia that occurred in a patient receiving nefazodone 

(91-94). We have recently found that nefazodone inhibits human ether-a-go-

go related gene (hERG, KCNH2 or Kv11.1) channels by interacting with the 

aromatic binding sites Y652 and F656 within the S6 domain of hERG (95). 

Although the likely mechanism behind the drug-induced prolongation of the 

QT interval is the interaction of nefazodone with hERG channels (96, 97), not 

all hERG blockers cause QT prolongation or TdP, and additional genes 

associated with the QT interval can cause life-threatening cardiac arrhythmias 

(98). In addition, mutations in genes that encode cardiac ionic channels, such 

as KCNQ1/KCNE1-encoded slow component of the delayed rectifier 

potassium current (IKs) channels, KCNH2-encoded IKr channels, and SCN5A-

encoded inward voltage-gated sodium current (36) channels, can disrupt the 

fine balance among ionic currents and lead to life-threatening arrhythmias 

(99-101).  

A new paradigm for cardiac arrhythmic safety assessment in a nonclinical 

in vitro human model relies upon the analysis of effects of drugs on the APs 

and various types of cardiac ion currents. Thus, to adopt hiPSC-CMs for the 

assay system, it is necessary to verify the relevance to the 

pharmacological/toxicological effects on the ionic currents in heterologous 

expression systems. To understand the mechanisms of arrhythmogenicity of 
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SARI class antidepressants, nefazodone and trazodone, we investigate the 

effects of various conventional cardiac ion channels blockers as well as these 

drugs on hiPSC-CMs and HEK293 cells expressing cardiac ion channels. To 

elucidate the usefulness of hiPSC-CMs in in vitro cardiac safety testing, we 

examined whether (1) hiPSC-CMs recapitulate appropriate electrical response 

of cardioactive selective channel blockers; (2) hiPSC-CMs could be used to 

evaluate cardiotoxicity of nefazodone and trazodone, previously known as a 

non-cardiac acting drug. These functional evaluation of multiple cardiac ion 

channels and action potential will provides much information for these SARIs’ 

cardiac risk potential compared to hERG block alone. 
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MATERIALS AND METHODS 

1. Cell culture 

The hiPSC-CMs (iCell®  Cardiomyocytes; Cellular Dynamics International, 

Madison, WI, USA) were cultured for single-cell electrophysiological 

recordings. Frozen vials of hiPSC-CMs were thawed in a water bath 

maintained at 37°C and mixed with ice-cold plating medium (iCell 

Cardiomyocyte Plating Medium). The cells were transferred to four-well 

culture plates containing 0.1% gelatin-coated glass coverslips and then 

maintained in a culture incubator at 37°C in an atmosphere of 93% air and 7% 

CO2. After 2 days of culture, the plating medium was replaced with culture 

medium (iCell Cardiomyocyte Maintenance Medium), which was then 

changed every 2 days. 

 

2. Isolation of rat ventricular myocytes (rVMs) 

To compare the nefazodone sensitivity on ICa between rat CMs and hiPSC-

CMs, we isolated single rVMs using the Langendorff system. Briefly, the 

hearts were rapidly excised from anesthetized Sprague-Dawley rats (250–350 

g) and perfused via the aorta on a Langendorff apparatus with an oxygenated 

normal Tyrode’s (NT) solution for 5 min to clear the blood, then perfused with 

Ca2+-free NT solution for 3 min. Next, the heart was perfused with an enzyme 

solution containing 0.6 mg/ml collagenase (Worthington, type 2, USA) for 8-

10 min. Finally, this enzyme-containing solution was washed out for 5 min 

with a high-K+ and low-Cl- Kraft-Bruhe (23) solution. Following the isolation 
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procedure, the left ventricle was dissected and agitated mechanically with a 

fire-polished Pasteur pipette in KB solution to obtain single myocytes. The 

isolated myocytes were stored at 4°C for 12 h. 

 

3. Whole-cell patch clamp recordings in hiPSC-CMs 

The hiPSC-CMs were cultured for 4 weeks and used at 7 to 28 days post-thaw 

for electrophysiological analysis. At this time, the amplitudes and intervals of 

the spontaneous APs are stabilized, and electrically connected syncytial layers 

are formed. Whole-cell hiPSC-CM recordings were performed at 37°C using 

an external solution containing (mM) 145 NaCl, 5.4 KCl, 10 HEPES, 1 MgCl2, 

5 glucose, 1.8 CaCl2 (pH 7.4). The internal solution contained (mM) 120 K-

Asp, 20 KCl, 5 NaCl, 2 CaCl2, 10 HEPES, 5 EGTA, and 5 Mg-ATP (pH 7.25). 

We recorded typical APs in hiPSC-CMs in the current-clamp mode. The 

spontaneous beating activity of single hiPSC-CMs was recorded, and only 

hiPSC-CMs that could beat stably were included in the analysis. Following 

stabilization of the AP waveforms, the average of five recorded APs for each 

test concentration was analyzed. In the voltage-clamp mode, a standardized 

step protocol was used to elicit the cardiac IKr, IKs, INa, and ICa. The 

extracellular solution for recording the INa contained (mM) 110 CsCl, 50 NaCl, 

10 HEPES, 1 MgCl2, 5 glucose, and 1.8 CaCl2 (pH 7.4). The extracellular 

solution for recording the ICa contained (mM) 137 Choline-Cl, 5 CsCl, 10 

HEPES, 0.5 MgCl2, 10 glucose, and 1.8 CaCl2 (pH 7.4). The internal solution 

for INa and ICa contained (mM) 120 Cs-Asp, 20 CsCl, 5 NaCl, 10 TEA-Cl, 10 

EGTA, and 10 HEPES, and 5 Mg-ATP (pH 7.25). A standardized step 
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protocol was used to elicit the major cardiac ion currents IKr, IKs, INa, and ICa. 

The cells were held at −80 mV and depolarized to +20 mV for 2 s, followed 

by repolarization to −40 mV for 2 s to activate hERG tail currents. The IKr was 

isolated by eliminating the calcium currents using 1 μM nifedipine in the 

external solution. To elicit IKs, a -80 mV holding potential was used, followed 

by a 2 s depolarization to +60 mV and a 1 s repolarization to -20 mV. The IKs 

was isolated by 100 nM E-4031 and 1 μM nifedipine in the external solution, 

eliminating the hERG and calcium currents. The cells were held at -100 mV 

and depolarized to -40 mV for 50 ms to elicit INa. The INa was isolated by 

eliminating the calcium currents using 1 μM nifedipine in the external 

solution. To elicit ICa in hiPSC-CMs, the cells were held at -40 mV and 

depolarized to 0 mV for 300 ms. The ICa was isolated by eliminating the 

potassium currents using 2 mM 4-AP in the external solution. 

 

4. Whole-cell voltage clamp recordings in HEK293 cells and 

isolated rVMs 

INa, IKr and IKs currents were recorded in HEK293 cells using NT solution 

(mM): 143 NaCl, 5.4 KCl, 5 HEPES, 0.33 NaH2PO4, 0.5 MgCl2, 10 glucose, 

and 1.8 CaCl2 (pH 7.4). The internal solution for INa contained (mM): 105 CsF, 

35 NaCl, 10 EGTA, and 10 HEPES (pH 7.25), for IKr contained (mM): 130 

KCl, 5 EGTA, 10 HEPES, 1 MgCl2, and 5 Mg-ATP (pH 7.25), and for IKs 

contained (mM): 150 KCl, 5 EGTA, 10 HEPES, 2 MgCl2, 1 CaCl2 and 5 Na2-

ATP (pH 7.25). ICa currents on rVMs were recorded in the external solution 
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contained (in mM) Choline-Cl 137, CsCl 5, HEPES 10, MgCl2 5, Glucose 1.8, 

CaCl2 1.8, 4-AP 5, and tetrodotoxin (TTX) 0.003. The internal solution 

contained (mM) Cs-Asp 120, CsCl 20, NaCl 5, TEA-Cl 10, HEPES 10, EGTA 

10, and Mg-ATP 5. In voltage-clamp mode, the standardized step protocols 

used for hiPSC-CMs study are applied to elicit specific cardiac ion currents. 

 

5. Statistical analysis 

pCLAMP (Axon Instruments, Foster City, CA, USA), Origin 8 (OriginLab 

Corp, Northampton, MA, USA), and Excel (Microsoft, Redmond, WA, USA) 

software were used for data acquisition and analysis. Ionic current amplitudes 

normalized to membrane capacitance have been represented as pA/pF to 

simulate current density values and to compensate for differences in cell size. 

The concentration–response relationships for drug-induced blockage were 

calculated using SigmaPlot (Systat Software, San Jose, CA, USA). The IC50 

value, defined as the drug concentration that reduced the ionic currents by 

50%, was obtained using the sigmoidal Hill equation: f = xH / (IC50
H + xH), 

where x is the concentration, H is the Hill coefficient, and f is the inhibition 

ratio. The data are presented as the means ± SEM, and n represents the 

number of experimental replicates. Statistical significance was determined 

using Student’s t-test and a one-way ANOVA with post hoc testing using 

Dunnett’s method; p < 0.05 was considered to indicate statistical significance. 
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RESULTS 

Electrophysiological characterization of hiPSC-CMs 

First of all, I measured the APs in spontaneously contracting hiPSC-CMs 

using the patch clamp technique. The 3 types of representative traces recorded 

in hiPSC-CMs are shown in Figure 2-1. The majority of the cells (~80%) 

showed ventricular (V)-type APs, while atrial (A)-, and nodal (N)-type APs 

were also observed in the 10.7% and 8.9% cells, respectively. The distinction 

of V-type cells was made on the relatively more negative maximum diastolic 

membrane potential (MDP) and a rapid upstroke velocity of AP firing with 

long plateau phase. The absence of a prominent plateau phase was a 

characteristic of A-type APs, resulting in shorter APD compared to V-type 

APs. N-type APs showed less negative MDP, slower AP upstroke and a 

prominent phase 4 depolarization. Table 1 summarizes the AP characteristics 

of hiPSC-CMs and native human ventricular myocytes (hVMs) in literature. 

The MDP, dV/dtmax, APA, APD90, and APD50 were analyzed, and only the V-

type of cells with APD90 longer than 300 ms were included in the drug test. A-

type cells had a control APD90 between 200 and 300 ms (n = 6, with a mean 

APD90 of 284 ± 7 ms) and all of these 5 cells classified as N-type cells were 

discriminated from A-type APs by a significantly lower dV/dtmax (< 10 V/s) 

and a smaller amplitude. None of the cells APD90 < 300 ms or dV/dtmax < 10 

V/s were included in the analysis. 

When compared with the parameters of APs in the native hVMs in the 

literature (102), the MDP of V-type APs is still less negative with values 
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ranging from -65 to -67 mV. The amplitude of APs in hiPSC-CMs (107-109 

mV) was comparable to those of hVMs (104-106 mV) despite the depolarized 

MDP in hiPSC-CM. The dV/dtmax ranged from 41 to 48 V/s, which was 

slower than those of native hVMs (215-234 V/s). The APDs (e.g., APD90) of 

ventricular-like hiPSC-CM were longer (477-508 ms) than those of native 

hVMs (337-365 ms). 

 

Figure 2-1. Multiple types of action potentials recorded in hiPSC-CMs 

A, Representative traces display all three types of APs recorded in hiPSC-

CMs. B, Comparison of the relative abundance of different APs subtypes in 

hiPSC-CMs (n=56). 
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Table 2-1. Action potential parameters of hiPSC-CMs  

Cell type n MDP (mV) dV/dtmax  (V/s) APD90 (ms) APA (mV) 

N 5 −56.9 ± 1.2 5.7 ± 0.4 244.4 ± 11.9 85.7 ± 1.4 

A 6 −66.7 ± 0.9 18.4 ± 2.1 284.2 ± 6.9 106.6 ± 1.2 

V 45 −66.0 ± 0.8 44.5 ± 2.8 492.1 ± 15.4 107.9 ± 0.8 

hVMsa  −81.8 ± 3.3 215 ± 33 351±14 106.7 ± 1.4 

The action potential parameters of three different subtypes are summarized 

(mean ± SEM). MDP, maximal depolarization potential; dV/dtmax, maximal 

upstroke velocity of phase 0; APD90, 90% repolarization of action potential; 

APA, action potential amplitude. N, nodal; A, atrial; V, ventricular; n, the 

number of cells; hVMs, human ventricular myocytes. a Magyar et al., 2000 

(102). 

 

 

Voltage-gated ion channel currents of hiPSC-CMs were confirmed under 

whole-cell voltage clamp conditions by using the pulse protocols and pipette 

solutions specific for each types of ion channels (Figure 2-2, 2-3, and 2-4), 

and the results are also summarized in Table 2-2. hiPSC-CMs showed a 

prominent INa (Figure 2-2A and 2B), which is responsible for the AP upstroke 

in ventricular CMs. The INa peak density in hiPSC-CMs is -163 pA/pF, which 

is much higher than the -20 pA/pF reported in native hVMs (Table 2-2) (103). 

The hiPSC-CMs also showed an ICa (Figure 2-2C and 2D) that is an important 

contributor to the plateau phase of the APs. The maximal peak ICa density in 

hiPSC-CM is -6.6 pA/pF, which is slightly lower or comparable to native 
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hVMs, in which the maximal ICa shows -10.2 pA/pF (Table 2-2) (102). As for 

the repolarization of cardiac APs, two types of delayed rectifier potassium 

currents (IKr and IKs) were identified in the hiPSC-CM as E-4031-sensitive 

currents (IKr) (Figure 2-3A and 2B) and chromanol 293B-sensitive current (IKs) 

(Figure 2-3C and 2D); their current densities were 2.3 pA/pF and 2.9 pA/pF, 

respectively (Table 2-2). The K+ current densities were slightly higher or 

comparable to those in the native hVMs, in which the IKr and IKs densities are 

0.31 and 0.18 pA/pF, respectively. (102, 104). In ventricular CMs, the inward 

rectifier K+ current (IK1) is an important contributor to the maintenance of the 

RMP and the termination of the final repolarization phase. In hiPSC-CM, the 

Ba2+- sensitive IK1 density was -5.1 pA/pF (Figure 2-4A and 4B), which is 

slightly lower or comparable to that reported in native hVMs, -10 pA/pF 

(Table 2-2) (102). The funny current (105) is an inward nonselective cationic 

current activated by hyperpolarized membrane potentials. The zatebradine-

sensitive If density in hiPSC-CMs was -0.9 pA/pF (Figure 2-4C and 4D), 

which is relatively low compared to hVMs, -1.2 pA/pF (Table 2-2) (106).  
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Figure 2-2. TTX-sensitive INa currents in hiPSC-CMs 

(A) Representative trace of the control (left), the presence of TTX (middle), 

and the TTX -sensitive current of INa (right) in hiPSC-CMs. (B) I-V 

relationship of INa in hiPSC-CMs (means ± SEM).  
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Figure 2-3. Nifedipine-sensitive ICa currents in hiPSC-CMs 

(A) Representative trace of the control (left), the presence of nifedipine 

(middle), and the nifedipine-sensitive current of INa (right) in hiPSC-CMs. (B) 

I-V relationship of ICa in hiPSC-CMs (means ± SEM).  
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Figure 2-4. E-4031-sensitive hERG (IKr) currents in hiPSC-CMs 

(A) Representative trace of the control (left), the presence of E-4031 (middle), 

and the E-4031-sensitive current of IKr (right) in hiPSC-CMs. (B) I-V 

relationship of IKr in hiPSC-CMs (means ± SEM).  
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Figure 2-5. Chromanol293B-sensitive IKs currents in hiPSC-CMs 

(A) Representative trace of the control (left), the presence of Chromanol293B 

(middle), and the Chromanol293B-sensitive current of IKs (right) in hiPSC-

CMs. (B) I-V relationship of IKs in hiPSC-CMs (means ± SEM).  
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Figure 2-6. Inward rectifier (IK1) currents in hiPSC-CMs  

(A) Representative trace of the control (left), the presence of BaCl2 (middle), 

and the BaCl2-sensitive current of IK1 (right) in hiPSC-CMs. (B) I-V 

relationship of IK1 in hiPSC-CMs (means ± SEM).  
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Figure 2-7. Pacemaker currents in hiPSC-CMs 

(A) Representative trace of the control (left), the presence of zatebradine 

(middle), and the zatebradine-sensitive current of If (right) in hiPSC-CMs. (B) 

I-V relationship of If in hiPSC-CMs (means ± SEM).  
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Table 2-2. Ionic currents density in hiPSC-CMs and native hVMs 

Current Cell type Peak current (pA/pF) 

INa 

hVMsa −20.2 ± 2.2 

hiPSC-CMs −163.2 ± 23.8 

ICa 

hVMsb −10.2 ± 0.6 

hiPSC-CMs  −6.6 ± 2.2 

If 

hVMsb  −1.2 ± 0.2 

hiPSC-CMs  −0.9 ± 0.2 

IKr 

hVMsb   0.31 ± 0.02 

hiPSC-CMs   2.3 ± 1.1 

IKs 
hVMsc 0.18 

hiPSC-CMs   2.9 ± 1.1 

IK1 
hVMsd ~ −10 

hiPSC-CMs   −5.1 ± 1.4 

The voltage-dependent current density of hiPSC-CMs and native hVMs are 

summarized (each n = 3, mean ± SEM). a Sakakibara et al., 1993, b Magyar et 

al., 2000, c Virag et al., 2001, d Hoppe et al. 1998. 
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Effects of selective ion channel blockers on the APs in hiPSC-CMs 

To confirm the utility of hiPSC-CMs as the testbed for drug-induced 

cardiotoxicity, I tested whether the APs are actually affected by the ion 

channel blockers specific for IKr, ICa and INa; E-4031, nifedipine, and TTX, 

respectively (Figure 2-8 and Table 2-3). Application of 100 nM E-4031 

induced a significant prolongation of the APs; APD50 and APD90 were 

increased by 82 and 150%, respectively. Early afterdepolarization (EAD) was 

often observed after the exposure to E-4031. There were no significant 

changes in the MDP, APA, and dV/dtmax of the APs after the exposure to E-

4031 (n = 4). TTX (100 nM) significantly decreased dV/dtmax by 35% at 300 

nM whereas it did not induce significant changes in MDP, APA, or APD (n = 

4). Nifedipine at 1 μM decreased APD90 by 35%, without changing other AP 

parameters (n = 4). These results indicate that hiPSC-CMs effectively 

recapitulate the electrophysiological behaviors of native CMs and drug-

induced arrhythmias such as EAD. 
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Figure 2-8. Effects of selective ion channel blockers on action potential 

waveforms in hiPSC-CMs 

Representative AP traces in the control and in the presence of 100 nM E-4031 

(A), 300 nM TTX (B), and 1 μM nifedipine (C). EAD, early 

afterdepolarization. 

 

 

Table 2-3. Effects of selective ion channel blockers on AP parameters in 

hiPSC-CMs 

Drugs nM MDP (mV) dV/dtmax 

(V/s) 
APD90 (ms) APD50 (ms) TA (mV) 

E-4031 

0 −71.7 ± 0.4 41.1 ± 6.0 480.1 ± 36.3 339.6 ± 23.8 107.9 ± 1.0 

100 −68.7 ± 1.6 42.8 ± 4.8 
1186. 6± 

179.3* 

620.9 ± 

44.7** 
106.6 ± 1.7 

TTX 

0 −71.7 ± 1.0 57.9 ± 7.0 332.0 ± 41.0 272.7 ± 35.4 112.9 ± 1.1 

300 −71.7 ± 0.8 42.9 ± 4.7* 332.5 ± 41.4 274.5 ± 31.7 112.4 ± 0.8 

Nifedipine 

0 −69.8 ± 2.2 52.9 ± 6.8 402.7 ± 54.1 288.3 ± 39.5 106.7 ± 2.8 

1000 −70.0 ± 2.9 51.8 ± 6.9 297.9 ± 69.8* 218.6 ± 57.2 105.8 ± 3.3 

The effect of ion channel blockers on APs parameters are summarized (each 

n=4, mean ± SEM). *p<0.05, **p<0.01 compared to control. MDP, 

maximum diastolic potential; dV/dtmax, maximum upstroke velocity; APD90, 

action potential duration at 90% repolarization; APD50, action potential 

duration at 50% repolarization, TA, total amplitude. 
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Effects of nefazodone on APs and ion channel currents in hiPSC-CMs 

The application of 1 μM nefazodone increased APD with EAD and was 

reversed by washout (Figure 2-9A). Effects on the parameters of APs were 

normalized to the control value in each cell, and summarized in the bar graphs 

(Figure 2-9B-F). Prolongation of both APD50 and APD90 were observed from 

0.1 μM of nefazodone in a concentration-dependent manner (Figure 2-9E, F). 

With 1 μM nefazodone, EAD was induced in all the cells tested (n=6). Also, it 

was notable that 1 μM nefazodone decreased the dV/dtmax of the APs (Figure 

2-9D). In three cells, when the concentration of nefazodone was increased to 3 

μM, the AP generation was disappeared with depolarization of MDP (data not 

shown). 

 

Effects of nefazodone on ion channel currents in hiPSC-CMs 

To investigate the effects of nefazodone on repolarization-related currents, IKr 

and IKs were recorded; these currents were activated by appropriate step pulse 

protocols with pharmacological conditions to selectively isolate the currents. 

Nefazodone inhibited the IKr in a concentration-dependent manner (Figure 2-

10). When the peak amplitudes of repolarizing tail currents were analyzed, the 

IC50 value was 41.4 ± 0.2 nM (Figure 2-10B, n=6). Nefazodone completely 

blocked the stepwise IKr current density at 100 nM (Figure 2-10C), but 

without affecting the voltage sensitivity (Figure 2-10D, n=6). Nefazodone 

also inhibited IKs but with low potency (IC50, 10.1 ± 0.5 μM) (Figure 2-11, B, 

n=5). The inhibition of IKs by nefazodone was observed at wide range of 

membrane potentials (Figure 2-11C and D, n=5). 
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The effects of nefazodone on depolarization-related currents, INa and ICa, were 

analyzed. Nefazodone inhibited the peak amplitude of INa in concentration-

dependent manner (IC50, 1.03 ± 0.01 μM, n = 4) throughout the test voltages 

(Figure 2-12). Nefazodone also inhibited the nifedipine-sensitive ICa peak 

amplitude with an IC50 value of 1.03 ± 0.07 μM throughout the test voltages 

(Figure 2-13A and B, n = 6) without affecting the voltage-sensitivity of ICa 

(Figure 2-13C and D, n = 4). 
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Figure 2-9. Effects of nefazodone on action potential waveforms in 

hiPSC-CMs 

A, Representative traces in the control and in the presence of nefazodone 

show the typical EAD (arrow) waveform induced by 1 μM nefazodone. B-F, 

Normalized AP parameters in the control and in the presence of 0.01, 0.1, 0.3, 

and 1 μM nefazodone. TA, total amplitude; MDP, maximum diastolic 

potential; dV/dtmax, maximum upstroke velocity; APD90, action potential 

duration at 90% repolarization; APD50, action potential duration at 50% 

repolarization (mean ± SEM, n=6). *p<0.05, **p<0.01 compared to control; 

#p<0.05, ##p<0.01 compared to 1 μM nefazodone. 
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Figure 2-10. Effect of nefazodone on IKr in hiPSC-CMs 

A, Representative traces demonstrating the effect of nefazodone on IKr at 

doses of 10, 30, and 100 nM, respectively. B, Dose–response relationship of 

nefazodone, showing an IC50 value for IKr (mean ± SEM, n=6). C, Pulse 

protocol (top), representative I-V traces of IKr in control (middle) and in the 

presence of 100 nM nefazodone (bottom). D, I-V relationships of IKr in the 

control and 100 nM nefazodone (mean ± SEM, n = 6, * p<0.05, ** p<0.01 

compared to control). 
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Figure 2-11. Effect of nefazodone on IKs in hiPSC-CMs 

A, Representative traces demonstrating the effect of nefazodone on IKs at 

doses of 1, 3, 10 and 30 μM, respectively. B, Dose–response relationship of 

nefazodone, showing an IC50 value for IKs (mean ± SEM, n=5). C, Pulse 

protocol (top), representative I-V traces of IKs in control (middle) and in the 

presence of 30 μM nefazodone (bottom). D, I-V relationships of IKs in control 

and in the presence of 30 μM nefazodone (mean ± SEM, n=5, *p<0.05, 

**p<0.01). 
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Figure 2-12. Effect of nefazodone on INa in hiPSC-CMs 

A, Representative traces demonstrating the effect of nefazodone on INa at 

doses of 0.1, 0.3, 1, and 3 μM, respectively, in hiPSC-CMs. B, Dose–response 

relationship of nefazodone showing an IC50 value for INa (n=4, mean ± SEM). 

C, Pulse protocol (top), representative I-V traces of INa in control (middle) and 

in the presence of 3 μM nefazodone (bottom). D, I-V relationships of INa in 

the control and in the presence of nefazodone (mean ± SEM, n=4, *p<0.05, 

**p<0.01).
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Figure 2-13. Effect of nefazodone on ICa in hiPSC-CMs 

A, Representative traces showing the effect of nefazodone on ICa at doses of 

0.3, 1, and 3 μM, respectively. B, Dose–response relationship of nefazodone 

showing an IC50 value for ICa (mean ± SEM, n=6). C, Representative I-V 

traces of ICa in control cells (top) and in the presence of nefazodone (bottom). 

D, I-V relationships of ICa in the control and in the presence of nefazodone 

(mean ± SEM, n=6, *p<0.05, **p<0.01). 
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Effects of nefazodone on IKr, IKs,or INa expressed in HEK293 and ICa in 

rVMs 

Even though hiPSC-CMs have been proposed to be more sensitive than other 

in vitro assays (73, 107), it is difficult to correlate these responses with other 

preclinical assays due to a lack of comparison to other assays in cardiac safety 

studies. To precisely understand the sensitivity between the various preclinical 

assays and evaluate the utility of the ion channel assay of hiPSC-CMs for 

preclinical cardiovascular risk assessment, the depolarization- and 

repolarization-related currents were compared between the hiPSC-CMs and 

HEK293 cells. 

In HEK293 cells, KCNH2-encoded IKr and KCNQ1/KCNE1-encoded IKs were 

recorded by applying step-like pulses under the voltage-clamp conditions. 

Nefazodone decreased the IKr peak amplitude in a concentration-dependent 

manner with relatively high affinity (IC50, 61.8 ± 0.04 nM, Figure 2-14A and 

B, n=5). Nefazodone also inhibited the peak amplitude of IKs, but had a low 

affinity (IC50, 1.7 ± 0.1 μM, Figure 2-14C and D, n=4). The potency of 

nefazodone inhibiting IKr in the heterologous expression system was similar 

with the one in hiPSC-CMs. 

To investigate the effect of nefazodone on the depolarization-related currents, 

the SCN5A-encoded inward sodium current (36) was recorded in HEK293 

and the Ca2+-specific inward current (ICa) was recorded in isolated rVMs. 

Nefazodone decreased the INa peak amplitude with an IC50 value of 9.1 ± 0.04 

μM (Figure 2-14E and F), which was higher than the IC50 value obtained in 

hiPSC-CMs (1.5 ± 0.1 μM, Figure 2-12B). Nefazodone also inhibited the ICa 
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peak amplitude of hiPSC-CMs in a concentration-dependent manner with an 

IC50 value of 1.0 ± 0.1 μM (Figure 2-13A and B, n=3), whereas an IC50 value 

for ICa blockade produced a low affinity in rVMs with an IC50 value of 7.4 ± 

0.2 μM (Figure 2-14G and H, n=3). 

 

Figure 2-14. Effect of nefazodone on IKr, IKs and INa in HEK293 cells and 

ICa in isolated rat VMs 
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A, Representative traces demonstrating the effect of nefazodone on IKr at 

doses of 1, 10, 30, 100 and 300 nM, respectively, in HEK293 cells. B, Dose–

response relationship of nefazodone, showing an IC50 value for IKr (mean ± 

SEM). C, Representative traces showing the effect of nefazodone on IKs at 

doses of 0.1, 1, 3 and 10 μM, respectively, in HEK293 cells. D, Dose–

response relationship of nefazodone, showing an IC50 value for IKs (mean ± 

SEM). E, Representative traces presenting the effect of nefazodone on INa at 

doses of 1, 3, 10, and 30 μM, respectively, in HEK293 cells. F, Dose–response 

relationship of nefazodone showing an IC50 value for INa (mean ± SEM). G, 

Representative traces demonstrating the effect of nefazodone on ICa at doses 

of 1, 3, 10 and 30 μM, respectively, in isolated rat VMs. H, Dose–response 

relationship of nefazodone showing an IC50 value for ICa (mean ± SEM). 

 

Effects of trazodone on AP waveforms in hiPSC-CMs 

To assess whether the changes in cardiac AP properties were due to the effect 

of trazodone, we obtained current clamp recordings in hiPSC-CMs (Figure 2-

15). A spontaneous beating activity was recorded and AP-related parameters 

were quantified as the control condition in hiPSC-CMs (n=21). The MDP, 

dV/dtmax, TA, APD90, and APD60 were analyzed and only ventricular-type 

cells that had an AP duration longer than 300 ms were included in the analysis. 

The representative AP traces in control conditions and in the presence of 

trazodone are shown in Figure 1A. The average from five recorded APs was 

analyzed at each test concentration and dose-response studies indicated that 

APs were completely inhibited after treatment with 100 μM trazodone (n=3, 
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data not shown). Trazodone prolonged APD90 and APD60 at 3 μM and the 

EADs were also induced by 10 μM trazodone, suggesting that trazodone 

affects the AP waveforms of hiPSC-CMs in a concentration-dependent 

manner (Figure 2-15A). The AP-related parameters showed no significant 

effect from trazodone on the MDP and TA (n=5, Figure 2-15B); however, a 

dose-dependent dramatic decrease in dV/dtmax was caused by trazodone (n=5, 

2-15B). Further, trazodone prolonged the APD and induced EADs in a 

concentration-dependent manner (n=5). These results demonstrated that 

trazodone significantly reduced action potentials upstroke velocity prolonging 

their 90% and 60% durations. 
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Figure 2-15. Effects of trazodone on action potential waveforms in 

hiPSC-CMs 

A, Representative traces induced by 1 μM trazodone. Representative traces 

show the typical waveform of EAD induced by 3 μM and 10 μM trazodone. 

B-F, Normalized AP parameters in control and in the presence of trazodone. 

MDP: maximum diastolic potential, dV/dtmax: maximum upstroke velocity, 

TA: total amplitude, APD90: action potential duration at 90% repolarization, 

APD60: action potential duration at 60% repolarization (mean ± SEM, * p < 

0.05, ** p < 0.01). 
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Effects of trazodone on cardiac repolarization-related currents: IKr and IKs 

in HEK293 

To investigate the cellular mechanism underlying the effects of trazodone on 

repolarization-related currents, KCNH2-encoded fast components of the 

delayed rectifier potassium current (IKr) and KCNQ1/KCNE1-encoded slow 

components of the delayed rectifier potassium current (IKs) were recorded 

using voltage-clamp recordings in HEK293 cells. The fast and slow 

components of the potassium channel-specific outward currents (IKr and IKs, 

respectively) were activated by each step protocol. Trazodone inhibited the IKr 

peak amplitude in a concentration-dependent manner and produced a high 

affinity for IKr with an IC50 value of 2.83 ± 0.04 μM (Figure 2-16B, n = 3). 10 

μM trazodone (Figure 2-16C) completely blocked the peak IKr current density, 

but it did not affect the activation- and inactivation-state I-V relationships 

(Figure 2-16D, E, n = 3). Trazodone also inhibited the peak amplitude of IKs in 

a concentration-dependent manner (Figure 2-17A), but had a low affinity for 

IKs with an IC50 value of 67.5 ± 0.05 μM (Figure 2-17B, n = 3). Trazodone at 

300 μM completely blocked the peak IKs current density, but did not affect the 

I-V relationships (n = 3, data not shown). These results indicated that 

trazodone has a higher inhibitory potency on IKr than IKs in HEK293. 
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Figure 2-16. Effect of trazodone on IKr in HEK293 cells 

A, Representative traces demonstrating the effect of trazodone on HEK293 IKr 

at doses of 0.1, 0.3, 1, 3, and 10 μM, respectively. B, Dose–response 

relationship of trazodone, providing an IC50 value of 2.83 ± 0.04 μM (mean ± 

SEM). C, Representative I-V traces of IKr in control cells (top) and in the 

presence of trazodone (bottom). D, Activation-state I-V relationships of IKr in 

control and in the presence of trazodone (mean ± SEM, * p < 0.05, ** p < 

0.01). E, Inactivation-state I-V relationships of IKr in control and in the 

presence of trazodone (mean ± SEM, * p < 0.05, ** p < 0.01). 
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Figure 2-17. Effect of trazodone on IKs in HEK293 cells 

A, Representative traces demonstrating the effect of trazodone on HEK293 IKs 

at doses of 1, 3, 10, 30, 100, and 300 μM, respectively. B, Dose–response 

relationship of trazodone, providing an IC50 value of 67.5 ± 0.05 μM (mean ± 

SEM). 
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Effects of trazodone on cardiac depolarization-related currents: INa in 

HEK293 and ICa in hiPSC-CMs 

To investigate the effect of trazodone on the depolarization-related currents, 

the SCN5A-encoded inward sodium current (36) was recorded in HEK293 

and the Ca2+-specific inward current (ICa) was recorded in hiPSC-CMs. 

Trazodone inhibited the peak amplitude of INa in a concentration-dependent 

manner (Figure 2-18A), but produced a slightly high affinity for INa with an 

IC50 value of 11.07 ± 0.09 μM (Figure 2-18B, n = 4). Trazodone at 100 μM 

completely blocked the peak INa current density, but did not affect the I-V 

relationships (n = 3, data not shown). We verified the ICa of hiPSC-CMs using 

a selective Ca2+ channel antagonist, nifedipine, which inhibited the peak 

amplitude of ICa in a concentration-dependent manner with an IC50 value of 

0.84 μM (n = 4, data not shown). Trazodone inhibited the ICa peak amplitude 

in a concentration-dependent manner (Figure 2-18C), but showed a low 

affinity for ICa with an IC50 value of 19.05 ± 0.13 μM (Figure 2-18D, n = 3). 

Trazodone at 300 μM completely blocked the peak ICa current density, but it 

did not affect the I-V relationships (n = 4, data not shown). These results 

indicated that trazodone is more effective in inhibiting INa in HEK293 than ICa 

in hiPSC-CMs. 
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Figure 2-18. Effect of trazodone on INa in HEK293 cells and ICa in hiPSC-

CMs 

A, Representative traces demonstrating the effect of trazodone on HEK293 INa 

at doses of 1, 3, 10, 30, and 100 μM, respectively. B, Dose–response 

relationship of trazodone, providing an IC50 value of 11.07 ± 0.09 μM (mean 

± SEM). C, Representative traces demonstrating the effect of trazodone on 

hiPSC-CMs ICa at doses of 1, 3, 10, 30, 100, and 300 μM, respectively. D, 

Dose–response relationship of trazodone, providing an IC50 value of 19.05 ± 

0.13 μM (mean ± SEM). 



７０ 

 

DISCUSSION 

Here, I validated the hiPSC-CMs as a test model for the putative 

arrhythmogenic agents such as nefazodone and trazodone. The current results 

show that hiPSC-CMs effectively recapitulate the electrophysiological 

behaviors of each channel blocker, confirming the plausibility of a platform 

for preclinical drug safety assessment (Figure 2-8). The comparison with 

heterologous expression HEK293, the existing preclinical assay system, 

demonstrated reasonable correlation, thereby justifying the potential use of 

hiPSC-CMs for electrophysiological cardiac safety screening. 

Cardiotoxicity testing, including in vitro assays and in vivo animal models, 

is an important part of preclinical drug evaluation prior to first-in-human 

clinical trials. The previous safety testing paradigm is based primarily on the 

predictive link between drug-induced in vitro hERG blockade and in 

vivo/clinical QT interval prolongation and TdP; however, many drugs that 

have passed animal tests show unanticipated cardiotoxicity during the clinical 

phases (108-110). 

Our previous studies demonstrated that nefazodone blocks hERG channels 

that might explain the cardiac toxicity of nefazodone (95). Although it is 

widely accepted that ventricular arrhythmias are primarily caused by IKr 

inhibition (97), the limitations of such a simple interpretation have also been 

revealed. The QT prolongation is sensitive but not highly specific for 

predicting which compounds can cause TdP. Additionally, the drug-induced 

inhibition of IKr does not show a clear correlation with QT prolongation risk 
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or the occurrence of arrhythmias (111). Therefore, the combined effects on the 

non-hERG cardiac membrane currents should be considered. For example, 

either sodium- or calcium-channel blocks may mitigate the effects of hERG 

current block. In addition, there are non–hERG-dependent mechanisms 

responsible for TdP. When assessing pro-arrhythmic liabilities, therefore, new 

test models as well as an integrative interpretation are needed to understand 

the effects of agents such as nefazodone, affecting multiple types of ion 

channels beyond hERG. 

hiPSC-CMs could overcome the limitations of the hERG assay, which 

sometimes does not provide a meaningful indicator of pro-arrhythmic risk. 

Our present study supports that the hiPSC-CMs are an attractive model for 

cardiotoxicity testing as they express the major ion channels and recapitulate 

spontaneous mechanical and electrical activities, similar to adult 

cardiomyocytes (28, 75). The hiPSC-CM could be comparable with or a more 

effective system than the comprehensive in vitro set of ion current assays 

using heterologously expressed channels. 

 

AP prolongation; a functional biomarker of hiPSC-CMs 

In this study, nefazodone and trazodone modulates the AP waveforms of 

hiPSC-CMs by prolonging APD90 and APD50 and decreasing dV/dtmax, 

without affecting the TA or MDP (Figure 2-9 and 2-15). It is most likely that 

the prolongation of APD90 by nefazodone is mediated by hERG inhibition 

(95). Nefazodone inhibited IKr with an IC50 value of 41.4 ± 0.2 nM (Figure 5B) 

and blocked hERG completely at a dose of 100 nM (Figure 5D). However, 
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there is a quite large gap between the sensitivity of hERG current and APD 

prolongation; nefazodone started to prolong the APD90 at 100 nM, at ~90% of 

the hERG blockade. Although not so potent as to hERG, the depolarizing 

currents such ICa and INa were also inhibited by nefazodone in hiPSC-CMs 

(Figure 7 and 8), that might attenuated the APD prolongation effects of 

nefazodone. Nefazodone also inhibited IKs, but at far lower potency compared 

to IKr (IC50 of 10.1 ± 0.5 μM, Figure 6A, B). 

It has to be noted that nefazodone had a high inhibitory potency on INa (IC50 

= 1.0 ± 0.01 μM, Figure 7B) similar to that of TTX, a known blocker of 

cardiac INa (IC50 = 1.4 ± 0.1 μM, data not shown). These results indicate that 

nefazodone decreases the dV/dtmax of APs in hiPSC-CMs via INa inhibition 

(Figure 4D). The abolishment of AP generation with 3 μM nefazodone might 

be due to the inhibition of INa as well as the incomplete repolarization by the 

almost complete hERG inhibition. 

The extent of APD prolongation could be determined from the complex 

interactions with Na+, Ca2+, and K+ currents differentially changed by tested 

agents (7). Thus, the integrative assessment of the multiple ion channels is 

necessary to identify the risk of SARIs-induced cardiac electrophysiological 

alterations. In summary, our results demonstrate that the ventricular APs and 

appearance of EADs of hiPSC-CMs might provide efficient prediction of the 

arrhythmogenic liability by integrating the ranges of drug actions for 

blockages of major cardiac ion channels. 

In this study, I hypothesized that SARIs modulate the cardiac 

electrophysiological characteristics and functions through inhibition of 
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cardiac ion channels. Therefore, I investigated their potential effects on major 

cardiac ion channels, INa, ICa, IKr, IKs, and IK1 and cardiac action potentials in 

HEK293 cells or hiPSC-CMs. We evaluated the IC50 values of nefazodone 

and trazodone on cardiac depolarization- or repolarization-related currents 

(Table 2). These results indicated that nefazodone and trazodone commonly 

inhibited all of the major cardiac ion channels in a concentration-dependent 

manner, and had low affinity for INa and IK1 and high affinity for ICa, IKr, and 

IKs. Nefazodone, however, was a more potent inhibitor of cardiac ion channels 

than trazodone. In particular, the inhibition of IKr, IKs and ICa was much more 

potent with nefazodone than trazodone. We emphasize that these experiments 

were designed not only to measure cardiotoxicity assessment in hiPSC-CMs 

but also to investigate specific electrophysiologic mechanisms of nefazodone 

and trazodone actions. Our results demonstrate that hiPSC-CMs can serve as a 

useful tool in early drug screening and may shed light on the drug safety 

assessment beyond the current gold standard assay for hERG channels. 

 

Limitations 

Including this study, many previous studies have demonstrated the 

functional expressions of native cardiac ion channels in hiPSC-CMs; INa (36, 

74), ICa (74, 112, 113), IKr (74, 105, 114) and IKs  (74). However, a difficulty in 

the use of hiPSC-CMs as a model system is their immature fetal-like 

electrophysiological phenotype; less hyperpolarized MDP and slower dV/dtmax 

compared to native adult CMs (115, 116). Since the phenotypes of hiPSC-

CMs could vary depending on their maturity; studies addressing the 
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electrophysiological and pharmacological characteristics of hiPSC-CMs are 

necessary and the electrophysiological data derived from hiPSC-CMs should 

be cautiously interpreted. There is potential utility of cardiac stem cells to 

replace other pro-arrhythmia testing approaches once fully mature stem cells 

expressing all the currents in the similar densities as human myocytes are 

developed. Because hiPSC-CMs appeared to be very sensitive to membrane 

damage during the patch clamp procedure, some of cells lost their beating 

ability or displayed irregular beating pattern.  

Although the SARI concentrations for measuring cardiac APs and ion 

currents were in the range of therapeutic plasma levels, it is difficult to 

correlate in vivo plasma concentrations and in vitro concentrations. Clinical 

studies reported non-linear pharmacokinetics of SARIs and their plasma 

concentrations increased proportionally after administration of a single dose 

or steady-state conditions (117-120). In addition, the delayed onset of action 

of antidepressants induces cardiac side effects, which remain critical factors 

(121). Measuring the IC50 values for major cardiac ionic channels is important 

to gain insight into the mechanism of action of SARIs at therapeutic plasma 

concentrations in humans or other mammalian systems; however, predicting 

arrhythmogenic concentrations in a clinical setting is slightly difficult. 

In Table 2-2, the ion current density of the hESC-CMs were compared to 

adult hVMs as presented in the literature because the normal hVMs are 

difficult to obtain and also have limited time in culture.  
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INTRODUCTION 

Cardiomyocytes (CMs) derived from hPSCs are considered a promising 

source for cell-based therapies or screening testbed. Recent several studies 

showed that hPSC-CMs more closely resembled fetal CMs instead adult CMs 

(28) and they have increased automacity compared with human ventricular 

CMs due to lack of inward rectifier K+ channel (IK1) (29). The shape of APs 

results from the ordered integration of several functional ionic currents 

inducing membrane depolarization and repolarization. During cardiac 

development, ion channels including hERG and IKs undergo fetal and 

postnatal developmental changes, a complex process leading to the acquisition 

and maintenance of a mature cardiac electrophysiological phenotype over 

time (27, 122, 123). In hESC-CMs, the INa contributed to membrane 

excitability was present at early stages (20 – 35 days) of differentiation, 

whereas the IK1 related to membrane diastolic potential in mature CMs, was 

absent (29). 

For the reliable safety testing, the in vitro-differentiated cardiomyocytes 

should sufficiently recapitulate the characteristics of human adult CMs in 

terms of electophysiological endpoints. Before hiPSC-CMs are adopted for 

pharmacological screening, they need to be carefully validated for usefulness. 

They have to be confirmed to display similar electrophysiological properties 

based on ionic currents and cardiac APs. In addition, their pharmacological 

sensitivity need to be identified using well-known compounds including 

specific ion channel blockers and cardiotoxic agents. 
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The assessment of hESC-CM functionality at early developmental stages is 

essential for determining the appropriate differentiation stage for 

cardiotoxicity screening. In this study, to determine more suitable stage of 

differentiation required for the reliable pharmacological and toxicological 

testing, I characterized 2 week and 4 week differentiated hESC-CMs and 

compared their electrophysiological phenotypes and functional maturation 

using patch-clamp technique. To evaluate their functional response to anti-

arrhythmic drugs, I also investigated the effects of quinidine (class IA, Na+ 

channel blocker), amiodarone (class III, K+ channel blocker), and nifedipine 

(class IV, Ca2+ channel blocker) on 2W and 4W hESC-CMs.  
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MATERIALS AND METHODS 

1. Cell preparation 

The hESC (SNUhES3 cell line)-derived CMs were obtained from Seoul 

National University Bundang Hospital. The cells were differentiated for 2 

weeks or 4 weeks in culture dishes, after then frozen and stored in LN2. After 

delivered, the frozen vials of hESC-CMs were thawed in a 37°C water bath 

and mixed with in RPMI medium (Gibco) supplemented with B27 supplement 

(Gibco). For patch clamp recordings, the cells were plated on four-well 

culture plates containing 0.1% gelatin-coated glass coverslips and then 

maintained in a 37°C culture incubator in an atmosphere of 95% air and 5% 

CO2. The media were changed every 2~3 days. 

 

2. Antiarrhythmic drugs 

The quinidine (class IA, Na+ channel blocker), amiodarone (class III, K+ 

channel blocker), and nifedipine (class IV, Ca2+ channel blocker) were used to 

evaluate the functional response of 2W and 4W hESC-CMs. These drugs were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Drugs were formulated 

into stock solution with dimethyl sulfoxide (DMSO). The stock solutions 

were further diluted in the bath solution to yield final perfusion solutions with 

0.1% DMSO and appropriate drug concentrations.  

 

3. Recordings of spontaneous AP and ionic currents in hESC-CMs 

The hESC-CMs were cultured for up to 4 weeks and used for patch clamp 
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recordings. Whole-cell hESC-CMs recordings were performed at 37°C using 

an external solution containing (mM) 145 NaCl, 5.4 KCl, 10 HEPES, 1 MgCl2, 

5 glucose, 1.8 CaCl2 (pH 7.4). The internal solution contained (mM) 120 K-

Asp, 20 KCl, 5 NaCl, 2 CaCl2, 10 HEPES, 5 EGTA, and 5 Mg-ATP (pH 7.25). 

We recorded typical APs in hESC-CMs in the current-clamp mode. The 

spontaneous beating activity of single hESC-CMs was recorded, and only 

hESC-CMs that could beat stably were included in the analysis. Following 

stabilization of the AP waveforms, the average of five recorded APs for each 

test concentration was analyzed. In the voltage-clamp mode, a standardized 

step protocol was used to elicit the current density of IKr, IKs, INa, ICa. IK1, If. 

The extracellular solution for recording the INa contained (mM) 110 CsCl, 50 

NaCl, 10 HEPES, 1 MgCl2, 5 glucose, and 1.8 CaCl2 (pH 7.4). The 

extracellular solution for recording the ICa contained (mM) 137 Choline-Cl, 5 

CsCl, 10 HEPES, 0.5 MgCl2, 10 glucose, and 1.8 CaCl2 (pH 7.4). The internal 

solution for INa and ICa contained (mM) 120 Cs-Asp, 20 CsCl, 5 NaCl, 10 

TEA-Cl, 10 EGTA, and 10 HEPES, and 5 Mg-ATP (pH 7.25). A standardized 

step protocol was used to elicit the major cardiac ion currents IKr, IKs, INa, and 

ICa. The cells were held at −80 mV and depolarized to +20 mV for 2 s, 

followed by repolarization to −40 mV for 2 s to activate hERG tail currents. 

The IKr was isolated by eliminating the calcium currents using 1 μM 

nifedipine in the external solution. To elicit IKs, a -80 mV holding potential 

was used, followed by a 2 s depolarization to +60 mV and a 1 s repolarization 

to -20 mV. The IKs was isolated by 100 nM E-4031 and 1 μM nifedipine in the 

external solution, eliminating the hERG and calcium currents. The cells were 
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held at -100 mV and depolarized to -40 mV for 50 ms to elicit INa. The INa was 

isolated by eliminating the calcium currents using 1 μM nifedipine in the 

external solution. To elicit ICa in hESC-CMs, the cells were held at -40 mV 

and depolarized to 0 mV for 300 ms. The ICa was isolated by eliminating the 

potassium currents using 2 mM 4-AP in the external solution. 
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RESULTS 

AP recordings of 2W hESC-CMs and 4W hESC-CMs 

SNUhES3 cells were differentiated into cardiomyocytes, and their 

electrophysiological properties were analyzed and compared between two- 

and four-weeks of periods. In the AP recordings, the 2W hESC-CMs 

displayed only two types of APs with the majority of cells revealed A-type 

APs (A-type 87.5%, N-type 12.5%). However, in the 4W hESC-CMs, the 

percentage of cells with V-type APs was 46.7% (V-type 46.7%, A-type 33.3%, 

N-type 20%) (Figure 3-1 and Table 3-1). The distinction of V-type cells was 

made on the relatively long APD (APD90 > 300 ms) with more negative MDP 

and a rapid upstroke velocity of AP firing with distinguished plateau phase. 

The absence of a prominent plateau phase was a characteristic of A-type APs, 

resulting in shorter APD compared to V-type APs. N-type APs showed less 

negative MDP, short APD (APD90 < 100 ms) slower AP upstroke and a 

prominent phase 4 depolarization. When compared AP parameters, the 4W 

hESC-CMs have faster upstroke velocities, increased AP amplitudes, 

prolonged AP duration, and greater hyperpolarized MPD than 2W hESC-CMs 

(Table 3-1). 

The densities of functional ion channels currents were different; all of tested 

voltage-gated INa (Figure 3-2), ICa (Figure 3-3), IKr (Figure 3-4), IKs (Figure 3-

5), and IK1 (Figure 3-6) tended to increase in the 4W hESC-CMs while not 

significantly. Otherwise, the If tended to decrease in the 4W hESC-CMs but 

not significantly (Figure 3-7).  
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Figure 3-1. AP morphologies recorded in 2W and 4W hESC-CMs 

A, Representative traces display only two types, nodal- and atrial-type of APs 

recorded in 2W hESC-CMs. B, Three types of APs recorded in 4W hESC-

CMs. B, Comparison of the relative abundance of different APs subtypes in 

2W and 4W hESC-CMs. 
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Table 3-1. Action potential parameters of 2W and 4W hESC-CMs 

period 

Cell 

type 

APD
90

 

(ms) 

dV/dt
max

 

(V/s) 

APA 

(mV) 

MDP 

(mV) 
n 

2W 

N 75.0 ± 0.8 25.8 ± 2.5 72.9 ± 3.3 -58.1 ± 0.9 2 

A 136.4 ± 6.7 48.2 ± 3.7 103.8 ± 2.7 -71.5 ± 1.0 14 

4W 

N 72.9 ± 8.4 23.4 ± 1.8 83.2 ± 3.7 -62.6 ± 1.9 3 

A 133.0 ± 11.0 38.8 ± 3.0 106.7 ± 2.1 -70.3 ± 3.3 5 

V 406.0 ± 38.8 52.0 ± 7.8 113.0 ± 4.7 -72.5 ± 2.8 7 

N, nodal-type; A, atrial-type; V, ventricular-type; APD90, action potential 

duration at 90% repolarization; dV/dtmax, maximum upstroke velocity; APA, 

action potential amplitude; MDP, maximum diastolic potential; n, number of 

cells 
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Figure 3-2. TTX-sensitive INa currents in 2W and 4W hESC-CMs 

(A) Representative trace of the control (left), the presence of TTX (middle), 

and the TTX-sensitive current of INa (right) in 2W hESC-CMs. (B) 

Representative trace of the control (left), the presence of TTX (middle), and 

the TTX-sensitive current of INa (right) in 4W hESC-CMs. (C) I-V 

relationship of INa in 2W (open circle) and 4W (closed circle) hESC-CMs 

(means ± SEM) (each n = 3). 
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Figure 3-3. Nifedipine-sensitive ICa currents in 2W and 4W hESC-CMs 

(A) Representative trace of the control (left), the presence of nifedipine 

(middle), and the nifedipine-sensitive current of ICa (right) in 2W hESC-CMs. 

(B) Representative trace of the control (left), the presence of nifedipine 

(middle), and the nifedipine-sensitive current of ICa (right) in 4W hESC-CMs. 

(C) I-V relationship of ICs in 2W (open circle) and 4W (closed circle) hESC-

CMs (means ± SEM) (n = 4 for 2W, n = 3 for 4W). 
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Figure 3-4. E-4031-sensitive hERG (IKr) currents in 2W and 4W hESC-

CMs 

(A) Representative trace of the control (left), the presence of E-4031 (middle), 

and the E-4031-sensitive current of IKr (right) in 2W hESC-CMs. (B) 

Representative trace of the control (left), the presence of E-4031 (middle), and 

the E-4031-sensitive current of IKr (right) in 4W hESC-CMs. (C) I-V 

relationship of IKr in 2W (open circle) and 4W (closed circle) hESC-CMs 

(each n = 3). 
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Figure 3-5. Chromanol293B-sensitive IKs currents in 2W and 4W hESC-

CMs 

(A) Representative trace of the control (left), the presence of Chromanol293B 

(middle), and the Chromanol293B-sensitive current of IKs (right) in 2W 

hESC-CMs. (B) Representative trace of the control (left), the presence of 

Chromanol293B (middle), and the Chromanol293B-sensitive current of IKs 

(right) in 4W hESC-CMs. (C) I-V relationship of IKs in 2W (open circle) and 

4W (closed circle) hESC-CMs (each n = 3). 
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Figure 3-6. BaCl2-sensitive IK1 currents in 2W and 4W hESC-CMs 

(A) Representative trace of the control (left), the presence of BaCl2 (middle), 

and the BaCl2-sensitive current of IK1 (right) in 2W hESC-CMs. (B) 

Representative trace of the control (left), the presence of BaCl2 (middle), and 

the BaCl2-sensitive current of IK1 (right) in 4W hESC-CMs. (C) I-V 

relationship of IK1 in 2W (open circle) and 4W (closed circle) hESC-CMs 

(each n = 3). 
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Figure 3-7. Zatebradine-sensitive If currents in 2W and 4W hESC-CMs  

(A) Representative trace of the control (left), the presence of zatebradine 

(middle), and the zatebradine-sensitive current of If (right) in 2W hESC-CMs. 

(B) Representative trace of the control (left), the presence of zatebradine 

(middle), and the zatebradine-sensitive current of If (right) in 4W hESC-CMs. 

(C) I-V relationship of IK1 in 2W (open circle) and 4W (closed circle) hESC-

CMs (n = 4 for 2W, n = 3 for 4W). 
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Figure 3-8. Summary of ionic currents density of 2W and 4W hESC-CMs 

Cardiac major ion currents density in 2W and 4W hESC-CMs. 

 

2. Pharmacological responses for anti-arrhythmic drugs  

The majority of cells in 2W hESC-CMs were displayed atrial-type AP shape. 

Among them, I selected the cells with APD90 longer than 150 ms and with 

relatively more negative MDP and a rapid upstroke velocity of AP firing for 

drug test. In 4W hESC-CMs, only the ventricular type of cells with APD90 

longer than 300 ms were included in the analysis. Quinidine and amiodarone 

(Na+ and K+ channel blockers, respectively) prolonged APD90 in the 4W 

hESC-CMs while not in the 2W hESC-CMs (Figure 3-9 and 3-10). In addition, 

nifedipine significantly shortened APD90 only in the 4W hESC-CMs (Figure 

3-11). 
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Figure 3-9. Effect of class IA antiarrhythmic drug quinidine on APs in 

2W and 4W hESC-CMs  

(A) Representative AP traces in the control (left) and in the presence of 3 μM 

quinidine (middle) and after washout (right) in 2W hESC-CMs. (B) 

Representative AP traces in the control (left) and in the presence of 1 and 3 

μM quinidine (middle) and after washout (right) in 4W hESC-CMs. Dotted 

lines indicated 0 mV. (C) and (D), Normalized AP parameters in control and 

in the presence of quinidine in 2W hESC-CMs (C) and 4W hESC-CMs (D) 

(mean ± SEM, * p<0.05).  
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Figure 3-10. Effect of class III antiarrhythmic drug amiodarone on APs 

in 2W and 4W hESC-CMs 

 (A) Representative AP traces in the control (left) and in the presence of 1 μM 

amiodarone (middle) and after washout (right) in 2W hESC-CMs. (B) 

Representative AP traces in the control (left) and in the presence of 0.3 and 1 

μM quinidine (middle) and after washout (right) in 4W hESC-CMs. Dotted 

lines indicated 0 mV. (C) and (D), Normalized AP parameters in control and 

in the presence of amiodarone in 2W hESC-CMs (C) and 4W hESC-CMs (D) 

(mean ± SEM, * p<0.05).  
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Figure 3-11. Effect of class IV antiarrhythmic drug nifedipine on APs in 

2W and 4W hESC-CMs 

(A) Representative AP traces in the control (left) and in the presence of 3 μM 

nifedipine (middle) and after washout (right) in 2W hESC-CMs. (B) 

Representative AP traces in the control (left) and in the presence of 1 and 3 

μM nifedipine (middle) and after washout (right) in 4W hESC-CMs. Dotted 

lines indicated 0 mV. (C) and (D), Normalized AP parameters in control and 

in the presence of nifedipine in 2W hESC-CMs (C) and 4W hESC-CMs (D) 

(mean ± SEM, * p<0.05).  
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DISCUSSION 

hESC-CMs can be used to predict arrhythmia risks of candidate drugs; 

however, the specific stage for these immature cells to develop a mature 

cardiac characteristics remains uncertain. Therefore, the assessment of hESC-

CM functionality at early developmental stages is essential for determining 

the appropriate differentiation stage for cardiotoxicity screening. In this study, 

I characterized 2 weeks (2W) and 4 weeks (4W) differentiated hESC-CMs 

and compared their electrophysiological phenotypes and functional 

maturation using whole-cell patch-clamp recordings. 

To identify whether early-stage hESC-CMs exhibit phenotypic maturation, 

I compared the current density of the major cardiac ion channels in both 2W 

and 4W hESC-CMs. The functional current densities tested in this study, the 

depolarization-related INa and ICa, and the repolarization-related IKr, IKs, and 

IK1, tended to increase slightly in 4W hESC-CMs than in 2W hESC-CMs. 

Otherwise, the If tended to decrease in the 4W hESC-CMs but not 

significantly. 

To characterize the AP subtypes in hESC-CMs and to evaluate their 

functional response to anti-arrhythmic drugs, we recorded AP properties in 

both 2W and 4W hESC-CMs. We found that the 4W hESC-CMs have faster 

upstroke velocities, increased APA, prolonged APD, and greater 

hyperpolarized MDP than 2W hESC-CMs. These findings suggest that hESC-

CMs differentiate into V-type CMs depending on the developmental period in 

the culture system. The electrophysiological analyses revealed that quinidine 
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and amiodarone, sodium and potassium channel blockers, prolonged APD90 in 

the 4W hESC-CMs but not in the 2W hESC-CMs. Nifedipine, a calcium 

channel blocker, shortened APD90 only in the 4W hESC-CMs. These results 

demonstrated that only 4W hESC-CMs have electrophysiological responses to 

anti-arrhythmic drugs. 

Overall, compared to the 2W hESC-CMs, the 4W differentiated hESC-CMs 

exhibited an increased functional maturation over time. Although the AP 

shapes demonstrate characteristic cardiac phenotypes from the 2 weeks of 

differentiation in the hESC-CMs, at least 4 weeks of differentiation is required 

for the reliable pharmacological and toxicological testing. Moreover, this 

study aims to highlight the potential use of 4W early-stage hESC-CMs for 

cardiotoxicity screening, and the need for a long-term differentiation approach 

to develop hESC-CMs that mimic the functional properties of adult CMs. 

These results might contribute to development of improved models that 

possess adult phenotypes for the assessment of drug safety. 

Limitations 

Although functional maturation of stem cell-derived cardiomyocytes proceeds 

during long-term culture over several months (27, 124), in this study, I 

characterized 2 groups of “early-stage” cells (2 week and 4 week 

differentiated hESC-CMs) to determine more suitable stage of differentiation 

required for the reliable pharmacological and toxicological testing. In 

common with previous studies, the differentiating hESC-CMs are highly 

heterogeneous and show a variety of AP phenotypes.  
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GENERAL DISCUSSION 

The heart is one of the most important organs which acts as pump suppling 

blood and oxygen to all parts of the body. Cardiac function depends on the 

appropriate timing of excitation-contraction coupling induced by cardiac APs 

in various regions. The APs are the membrane potential waveform that is 

generated by the movement of ions through the transmembrane ion channels. 

The APs induce the propagation of excitation information from cell to cell and 

allows the heart to function as an electrical and mechanical syncytium. 

Therefore, some dysfunctions of ionic currents associated with 

disorganization of electrical activity leading to abnormal APs can cause lethal 

heart problem with abnormal heart rhythms called arrhythmias. 

New drug and candidates may cause perturbations in cardiac electrical 

signals by modulation of cardiac ion channels which can be fatal (e.g. drug-

induced long QT syndrome). To evaluate and predict of these effects is critical 

in selecting or discarding new drug candidates. Toxicity induced by ion 

channel perturbations in cardiac tissue is one of the most common causes of 

late-stage failure in drug development. Although rare than the drug–induced 

long QT syndrome, the QT-shortening could potentially increase the 

ventricular tachycardia and the ventricular fibrillation risk of sudden death (45, 

46, 48, 50, 51). Hence many pharmaceutical companies try to quantify drug-

induced cardiac electrophysiological alterations related to QT interval or APD 

using in vitro ion channel screening in early stage of drug development.  

K+ channel has been known as a major reason of cardiac arrhythmia and 

sudden death. In contrast to the inhibition of K+ channels, decreased ICa is 
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expected to shorten APD and/or modify the shape of plateau in the cardiac AP. 

Therefore, the drugs which blocked Ca2+ channel including nicardipine, 

amlodipine, and isradipine can theoretically cause APD shortening. However, 

many CCBs are widely used without severe side effects. Such results might be 

due to the low plasma concentrations of CCBs in the patients prescribed with 

CCBs. Contrary to theoretical guess that the CCBs tested in this study will 

cause the AP shortening, indeed, NIC and ISR did not affect APD90.  

In the chapter 1 of these studies, I demonstrated another possibility that is a 

putative compensatory inhibition of K+ channels such as hERG, which might 

counterbalance the APD shortening effect of CCBs. This study showed the 

limitation of simple interpretation based on the representative effects of 

known ion channel modulators. The drug-induced cardiotoxicity has to be 

estimated with overall effects on multi ion channels.  

In the chapter 2, I validated the hiPSC-CMs as a test model for the putative 

arrhythmogenic agents such as nefazodone and trazodone. The current results 

show that hiPSC-CMs effectively recapitulate the electrophysiological 

behaviors of each channel blocker, confirming the plausibility of a platform 

for preclinical drug safety assessment. The comparison with heterologous 

expression HEK293, the existing preclinical assay system, demonstrated 

reasonable correlation, thereby justifying the potential use of hiPSC-CMs for 

electrophysiological cardiac safety screening. These results demonstrate that 

hiPSC-CMs can serve as a useful tool in early drug screening and may shed 

light on the drug safety assessment beyond the current gold standard assay for 

hERG channels.  
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In chapter 3 of these study, I characterized 2 weeks (2W) and 4 weeks (4W) 

differentiated hESC-CMs and compared their electrophysiological phenotypes 

and functional maturation using whole-cell patch-clamp recordings. 

Compared to the 2W hESC-CMs, the 4W differentiated hESC-CMs exhibited 

an increased functional maturation over time in current density of cardiac 

major ion channels and pharmacological responses. Although the AP shapes 

demonstrate characteristic cardiac phenotypes from the 2 weeks of 

differentiation in the hESC-CMs, at least 4 weeks of differentiation is required 

for the reliable pharmacological and toxicological testing. 
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 총괄 국문 초록 

심장독성은 신약개발단계에서 의약후보물질이 탈락하는 주원인 중 

하나이다. 심실재분극 지연에 관여하는 hERG K+ 채널의 억제효과 

여부는 심전도 QT 파의 연장에 따르는 부정맥 발생에 중요하기에 필수 

점검 사항이다. 하지만 hERG 채널 뿐 아니라 심장에 존재하는 다른 

이온채널전류들 (IKs, INa, ICa, IK1)의 비정상적 변화도 심부정맥을 일으킬 

수 있어서 hERG 시험만으로는 실험실 수준 (in vitro) 독성스크리닝에 

한계가 있다. 실제 동물에 적용하는 원격 심전도측정법 (Telemetry)은 

종간 상이성으로 인해 인체의 독성예측에는 한계점이 있다. 이러한 

배경에서, 인간 줄기세포 유래 심근세포를 이용하여 약물의 심장독성 

잠재성을 스크리닝하는 것이 주목받고 있다. 본 연구에서는 3 가지 

소주제를 통해 심장 이온채널들의 통합적인 분석이 필요한 이유와 인간 

줄기세포 유래 심근세포를 이용한 통합적인 전기생리학적 영향평가의 

유효성을 살펴보고자 하였다.  

제 1 장: 칼슘채널 억제제들의 심장 활동전위의 재분극에 대한 효과 

비교 

일반적으로 칼슘채널의 억제는 활동전위기간을 줄이고, 빈맥을 일으켜 

심부정맥으로 이어질 수 있다. 하지만, 칼슘채널억제제는 오늘날 가장 
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널리 처방되는 항고혈압제 중 하나이다. 칼슘채널 억제제의 심장에 

대한 안전성을 평가하기 위해 dihydropyridine 계열의 칼슘억제제 중 

제 1 세대의 nicardipine, 제 2 세대의 amlodipine, 그리고 3 세대인 

isradipine 을 선택하여 전기생리학적 영향을 살펴보았다. 이 3 가지 

약물은 모두 백서 심근세포의 칼슘채널을 민감하게 억제하였으나, 토끼 

심장의 퍼킨제섬유에서 기록한 활동전위 재분극에 대한 영향은 

isradipine 만 민감하게 활동전위기간을 줄였다. 심실재분극에 관여하는 

칼륨 채널들에 대한 영향을 비교해본 결과, 막전압의존성 칼륨 채널에 

대한 민감도 차이로 활동전위기간 감소에 대한 보상 효과가 차이 남을 

확인할 수 있었다. 이러한 결과는 약물의 심장독성을 평가하기 

위해서는 다양한 이온채널에 대한 영향을 종합적으로 판단해야 함을 

시사한다. 

제 2 장: 상용화된 줄기세포 유래 심근세포의 유효성 확인 및 

항우울제의 심장독성 평가 

최근 제약산업계에서는 약물독성평가에 대한 인간 줄기세포 유래 

심근세포의 유용성에 대해 주목하고 있으며, 실제로 몇몇 세포들은 

이미 상용화되어 판매 중이다. 상용화된 분화 심근세포 (iCell® 

Cardiomyocytes, Cellular Dynamics International, 미국)의 심장독성 
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평가에 대한 유용성을 확인하기 위해 전기생리학적 특성분석과 

이온채널억제제에 대한 활동전위의 반응성을 확인하였다. 역분화 

줄기세포 유래 심근세포에서 3 가지 타입의 활동전위와, 활동전위에 

관계된 이온채널전류-IKr, IKs, IK1, If, INa, ICa-를 기록할 수 있었고, 

hERG 채널 억제제인 E-4031 에 의해 활동전위 재분극이 지연되고 

EAD (early after depolarization)가 발생되는 것을 확인하였다. 또한, 

Na+ 채널 억제제에 의해 활동전위의 최대속도(dV/dtmax)가 감소되고, 

Ca2+ 채널 억제제인 nifedipine 에 의해서 활동전위기간이 짧아짐을 

확인하였다. 이러한 결과는 줄기세포 유래 심근세포에 정상적인 

기능성을 가진 심장 이온채널들이 존재하고 있음을 보여준다. 이 

세포를 이용하여 최근 심장독성에 대한 우려가 증가되고 있는 선택적 

세로토닌 재흡수억제제 (SARI) 계열의 항우울제 중 nefazodone 과 

trazodone에 대한 in vitro 심장독성평가를 수행하였다. 두 약물은 모두 

분화줄기세포나 HEK293 세포에 발현된 이온채널의 활성을 억제하였고, 

이러한 효과는 활동전위의 형태변화로 나타났다. 이 결과들은 

nefazodone 과 trazodone 의 심장 이온채널들과의 복잡한 상호작용을 

분화심근세포에서 통합적으로 평가할 수 있음을 보여주었다. 그러므로, 
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줄기세포 유래 심근세포는 hERG assay 를 넘어서 심장활동전압 변화를 

직접 평가하는 약물 스크리닝에 유용할 것이다.  

제 3 장: 줄기세포 분화 심근세포에서 분화시기에 따른 심독성 

약물분석의 유효성 차이 

비임상 심장독성평가 모델로 줄기세포 유래 심근세포를 활용하기 

위해서는 표준화된 심근세포의 확보가 중요하다. 또한, 초기 

발달단계에서 심장독성 스크리닝을 위해 줄기세포 유래 심근세포의 

기능성을 평가하는 것은 적절한 분화시기를 결정하는데 필수적이다. 

이러한 배경에서, SNUhES3(서울대학교에서 확립한 인간 

배아줄기세포주)를 이용하여 2 주와 4 주 동안 심근으로 분화시킨 후 

전기생리학적 특성을 분석하였고, 약물에 대한 민감도를 확인하였다. 

4 주 분화 심근세포에서 2 주 분화 심근세포보다 심장 이온채널의 

활성이 더 높게 나타났다. 분화 2 주차 세포들의 활동전위는 87.5%가 

심방근 유형임에 비해 4 주차에서는 69%가 심실근 유형이었다. 즉, 

분화기간이 늘어날수록 활동전위기간이 늘어나고, 심실근 유형의 

세포가 늘어남을 알 수 있었다. 항부정맥제로서 각각 Na+과 K+ 채널 

억제제인 quinidine과 amiodarone은 2주 분화 심근세포에서와는 달리 
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4 주 분화세포에서 APD90 을 연장시켰다. Ca2+채널 억제제인 nifedipine 

역시 4주 분화세포에서만 유의하게 APD90을 감소시켰다.  

종합하자면, 인간 배아줄기세포 유래 심근세포는 분화기간에 따라 

심실근 유형의 심근세포로 분화되고, 약물의 독성평가를 위한 성숙된 

분화세포를 얻기 위해서는 최소 1 달간의 분화기간이 필요함을 

보여준다.  이러한 연구들을 통해 저자는 4주 분화 심근세포가 in vitro 

심장독성 스크리닝과 약물 안전성 평가에 활용 될 수 있음을 

보여주었다. 이러한 결과들은 약물 안전성평가를 위해 

전기생리학적으로 성숙된 표현형을 가진 개선된 모델을 개발하는데 

기여할 것이다.  
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