
Correspondence: Motoki Takagi (E-mail: m-takagi@fmu.ac.jp)

Differing responses of human stem cell-derived 
cardiomyocytes to arrhythmogenic drugs, determined using 

impedance measurements
Arisa Higa, Hirotaka Hoshi and Motoki Takagi

Medical-industrial Translational Research Center, Fukushima Medical University,  
1 Hikariga-oka, Fukushima, Fukushima 960-8031, Japan

 
(Received February 9, 2016; Accepted February 16, 2016)

 
ABSTRACT — In recent years, human induced pluripotent stem cell-derived cardiomyocytes (hiPS-
CMs) and human embryonic stem cell-derived cardiomyocytes (hES-CMs) have been widely used to 
develop cardiotoxicity assessment systems. To accurately evaluate the arrhythmogenic potential of drugs, 
we tested three types of hiPS-CMs (iCell Cardiomyocytes, Cellartis hiPS-CM, and Cor.4U) and a type 
of hES-CMs (Cellartis Pure hES-CM) using impedance technology. All CMs were cultured as confluent 
monolayers and their beating activity was analyzed with an impedance-based real-time monitoring instru-
ment, the xCELLigence RTCA Cardio System. Measurement of impedance provided information about 
the CM beating rate and impedance amplitude between negative and positive peaks. Although all CMs 
except iCell CMs showed similar beating rates, their amplitudes were different. In addition, the patterns 
of contraction and relaxation were notably different between iCell CMs and the other CMs. The hiPS-
CMs and hES-CMs were treated with two arrhythmogenic drugs, sotalol and moxifloxacin, for 24 hr; 
the results showed that the drugs induced arrhythmic beating patterns on all CMs, although the response 
was varied. Thus, a more suitable type of CM remains to be found for optimal evaluation of the arrhyth-
mogenic potential of drugs.
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INTRODUCTION

Unexpected cardiotoxicity is a significant concern in 
drug development and a major cause of drug withdraw-
al from the market. In the period between 1990 and 2001, 
eight drugs were withdrawn because of their arrhythmia-
inducing adverse effects (Fermini and Fossa, 2003). As a 
consequence, in vitro and in vivo assays to evaluate drug-
induced arrhythmia have been incorporated in the pre-
clinical cardiac safety assessment of drugs. However, the 
effectiveness of these assays is limited by false positive 
and false negative results, differences in drug response 
between humans and the animal models used in pre-
clinical phases, and the increasing incorporation of the 
three Rs of animal experimentation (replacement, refine-
ment, and reduction) (Fermini and Fossa, 2003; Omata et 
al., 2005). To overcome these problems, human embry-
onic stem cell-derived cardiomyocytes (hES-CMs) and 

human induced stem cell-derived cardiomyocytes (hiPS-
CMs) have been recently used for preclinical cardiac 
safety assessments, including evaluation of drug-induced 
arrhythmia (Yokoo et al., 2009; Liang et al., 2010; Sarić 
et al., 2014). hiPS-CMs are supplied by several manufac-
turers; the differential characteristics (e.g. growth, beating 
activity and drug response) under the same experimental 
conditions of these are unclear. 

The assessment of arrhythmogenic potential of drugs 
has been based on the analysis of CM electrical activity 
using methodologies such as extracellular recording with 
sharp or patch electrodes (Honda et al., 2011), extracel-
lular recording with multi-electrode arrays (Dick et al., 
2010; Guo et al., 2011; Asakura et al., 2015), and opti-
cal imaging with voltage-sensitive dyes (Lopez-Izquierdo 
et al., 2014; Hayakawa et al., 2014). In addition, assess-
ment by continuous monitoring of impedance measure-
ments has been reported (Guo et al., 2011, 2013; Xi et al., 
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2011; Himmel, 2013; Nguemo et al., 2012).
In our study, we measured impedance with a real-

time monitoring instrument, the xCELLigence RTCA  
Cardio System (ACEA Bioscience, San Diego, CA, 
USA), to detect the beating activity of CMs. The xCEL-
Ligence system can be set in a culture incubator for label-
free determination of number, morphology, and attach-
ment of cells in a 96-well plate for long periods of time 
(Xi et al., 2011). However, since the electrical activity of 
CMs cannot be measured directly with the xCELLigence 
system, the details of cellular mechanism in response to 
drugs are unclear. In addition, while there have been a 
number of reports regarding the evaluation of iCell Car-
diomyocytes as hiPS-CMs with the xCELLigence system 
(Guo et al., 2011, 2013; Xi et al., 2011; Himmel, 2013; 
Nguemo et al., 2012; Talbert et al., 2015), comparative 
data for hiPS-CMs under the same experimental condi-
tions have not yet been reported. Therefore, we evaluat-
ed the beating activities of iCell Cardiomyocytes, Cel-
lartis hiPS-CM, and Cor.4U as hiPS-CMs, and Cellartis 
Pure hES-CM as hES-CMs with the xCELLigence sys-
tem, and their response to arrhythmogenic drugs by meas-
uring arrhythmia-like behavior.

MATERIALS AND METHODS

Drugs and reagents
(±)-Sotalol and moxifloxacin were purchased from 

LKT Laboratories (St. Paul, MN, USA) and AdooQ 
Bioscience (Irvine, CA, USA), respectively. All com-
pounds were dissolved in a mixture of dimethyl sulfox-
ide (DMSO) and methanol (7:3) and stored at -80°C. 
Fibronectin, gentamicin, and Y-27632 used in the cell cul-
tures were obtained from Wako Chemical (Tokyo, Japan).

Cell culture and measurement of beating activity 
using the xCELLigence RTCA Cardio System

iCell Cardiomyocytes and Cor.4U were purchased from 
Cellular Dynamics International (Madison, WI, USA) and 
Axiogenesis (Cologne, Germany), respectively. Cellartis 
hiPS-CM and Pure hES-CM were obtained from Takara 
Bio (Shiga, Japan). These CMs were cultured according 
to the manufacturer’s protocol.

iCell CMs were seeded onto fibronectin coated 6-well 
plates (10 μg/well) at a density of 7.5 × 105 cells/well, and 
maintained in the plating medium at 37°C in a humidi-
fied incubator with 7% CO2. The plating medium was 
replaced by a maintenance medium supplemented with 
gentamicin (50 μg/mL) at 48 hr after seeding. The medi-
um was changed every other day until day 6 after seed-
ing.

Cellartis hiPS-CMs and hES-CMs were seeded onto 
fibronectin coated 6-well plates (75 μg/well) at a densi-
ty of 6 × 105 cells/well and maintained in a thawing medi-
um supplemented with 20% fetal bovine serum (FBS) 
and 10 μM Y-27632 at 37°C in a humidified incubator 
with 5% CO2. The thawing medium was replaced by a 
culture medium supplemented with FBS (10%) and gen-
tamicin (50 μg/mL) at 48 hr after seeding. The medium 
was changed every other day until day 6 after seeding.

The iCell and Cellartis CMs were dissociated from the 
6-well plates 7 days after seeding and reseeded into the 
E-plate 96 (ACEA Bioscience), which is a special single-
use 96-well plate for performing cell-based assays in the 
xCELLigence RTCA Cardio System. Wells were coated 
with fibronectin (0.5 μg/well for iCell and 2.5 μg/well for 
Cellartis) and the CMs were seeded at a density of 4 × 
104 cells/well. The plates were assessed with the xCELLi-
gence RTCA Cardio System at 37°C in a humidified incu-
bator following the manufacturer’s protocol. The imped-
ance was monitored every 60 min for 20 sec. The medium 
was replaced at 48 hr after reseeding. The next day, the 
CMs were treated with the drugs.

Cor.4U CMs were directly seeded onto an E-plate 
96 coated with fibronectin (0.5 μg/well) at a density of  
4 × 104 cells/well, and the plate was placed into the xCEL-
Ligence system at 37°C in a humidified incubator with 
5% CO2. The impedance was monitored every 60 min for 
20 sec. The culture medium was replaced with a medi-
um supplemented with gentamicin (50 μg/mL) at 16 and 
24 hr after seeding. Thereafter, the medium was replaced 
once every day until addition of the drugs. The CMs were 
treated with the drugs after 72 hr.

Measurement of the drug response using 
xCELLigence RTCA Cardio System

The beating activity, amplitude, and beating rhythm 
irregularity (BRI) of CMs were measured after seeding 
into the E-plate 96. When the conditions of beating rate, 
amplitude, and BRI satisfied the criteria of the manufac-
turer’s protocol (30-65/min, > 0.03, and < 10%, respec-
tively), the CMs were treated with the drugs. The medium 
in the plate was replaced and the plate was loaded on the 
xCELLigence system for 4 hr. The hiPS-CMs and hES-
CMs were then treated with sotalol (100 μM) and moxi-
floxacin (100 μM) for 24 hr. The vehicle solvent was used 
as a control in all experiments at a concentration of 0.1%. 
After drug treatment, the impedance of CMs was meas-
ured every minute for the first hour, every 2 min for the 
second hour, every 5 min for the third hour, and every  
30 min from 4-24 hr. The data were analyzed using RTCA 
Cardio Software Ver. 1.0.
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RESULTS AND DISCUSSION

To develop our evaluating system for arrhythmogenic 
potential, we measured the beating rate and ampli-
tude of three types of hiPS-CMs (iCell Cardiomyocytes,  
Cellartis hiPS-CM, and Cor.4U) and one type of hES-CMs  
(Cellartis Pure hES-CM) by measuring impedance with 
the xCELLigence system. This system measures the 
impedance signal and then processes and displays the data 
by converting impedance into Cell Index values (Xi et al., 
2011). In addition, it can continually record the changes 
in adhesion, spreading and beating activity of the CMs. 
The dynamic change of the Cell Index values of iCell 
CMs measured by the xCELLigence system is shown in  
Fig. 1A. This change indicates the attachment, growth, and 
beating activity of iCell CMs over time. The Cell Index 
value rapidly increased for the first 3 hr after seeding 
and continued to increase gradually thereafter. The value 
finally became stable at 48 hr after seeding. These results 
implied that the CMs firmly attached and spread out on 
the wells. The beating period and amplitude of iCell CMs 
at 72 hr after seeding are shown in Fig. 1B. The imped-
ance trace lasted for 9 sec. The distance between nega-
tive peaks in the x-axis indicates the beating period, and 
the difference in Cell Index values between negative and 
positive peaks indicates the amplitude. The decrease and 

increase of Cell Index values represent the CMs contrac-
tion and relaxation, respectively. These cycles of the CMs 
were detected by the subtle change of Cell Index values. 

Since culture plates coating material affects CM beat-
ing patterns (gelatin or fibronectin) (Guo et al., 2011, 
2013; Xi et al., 2011; Himmel, 2013; Nguemo et al., 
2012; Talbert et al., 2015), in this study all four types of 
CMs were cultured in fibronectin-coated plates to ensure 
consistency. The CMs were cultured as a confluent mon-
olayer on 60 wells of E-plate 96 and displayed spontane-
ous and stable beating. We repeated the experiments for 
all CMs and observed this behavior with sufficient repro-
ducibility. The differences in beating rate and amplitude 
between iCell, Cellartis, and Cor.4U hiPS-CMs, and hES-
CMs was measured with the xCELLigence system and 
the data from ten wells of each CM type were analyzed. 
The beating profiles of each CM at 3-72 hr after seeding 
into the E-plate 96 are shown in Fig. 2A. iCell CMs in 
four wells out of ten started beating 3 hr after seeding. 
The beating rate and amplitude subsequently became sta-
ble at 36 hr (Fig. 2), and the BRI was 2.8%. On the oth-
er hand, the beating of Cellartis and Cor.4U hiPS-CMs, 
and the hES-CMs started at 24 hr after seeding in sever-
al of the 10 wells. However, no synchronized beating was 
detected and the BRI was not calculated by the xCELLi-
gence system. Their beating rate and amplitude became 

Fig. 1. (A) Impedance measurement of beating activity of iCell CMs with the xCELLigence RTCA Cardio System. (B) The beating 
period and amplitude of iCell CMs 72 hr after seeding.
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stable (BRI; 1.1%) at 48 hr (Fig. 2). The variance of beat-
ing rates and amplitudes of all CMs converged about 72 
hr after seeding and all BRI values were < 2.5% (Fig. 2B). 
The beating rate of iCell CMs was about 40 times/min at 
72 hr. The beating rates of hiPS-CMs and hES-CMs were 
about 60 times/min at 72 hr. The beating rate of iCell 
CMs appeared to be slightly lower than those of Cellar-
tis hiPS-CMs and Cor.4U CMs. By contrast, the ampli-
tude was different across the different types of CMs. The 
amplitude of iCell CMs was 0.1 at 36-48 hr but decreased 
by 0.06 at 72 hr. The amplitudes of Cellartis hiPS-CMs 
and Cor.4U CMs, and hES-CMs at 72 hr were 0.08, 0.10, 
and 0.13, respectively. Thus, the amplitude of hES-CMs 
was the biggest among all CMs. The most important dif-
ference between these CMs was the pattern of the contrac-
tion and relaxation cycle. The relaxation period of iCell 
CMs was very short and the contraction period was long, 
whereas the relaxation periods of the other CMs were 
long. The pattern of iCell CMs was identical to the pre-
viously reported using fibronectin-coated plates (Xi et al., 

2011; Nguemo et al., 2012; Talbert et al., 2015). Overall, 
these results indicate that the characteristics of iCell CMs 
are notably different from those of the other CMs; how-
ever, there was no significant difference in beating activ-
ity between Cellartis hiPS-CMs and hES-CMs. Although 
the reasons for these differences are unclear, they may 
be due to the characteristics of the original hiPS and hES 
cells and the differentiation strategy from hiPS and hES 
cells to CMs.

To evaluate the response of the four types of CMs to 
drugs, we selected two arrhythmogenic drugs, sotalol 
and moxifloxacin. Sotalol is a cardiac drug that is used to 
treat some specific types of arrhythmia. Moxifloxacin is a 
synthetic fluoroquinolone used as an antibacterial agent. 
These two drugs have been reported to clinically induce 
torsades de pointes (TdP) through prolongation of the QT 
interval (the Japan Pharmaceutical References). Sotalol is 
known to induce arrhythmia frequently, whereas the clin-
ical occurrence of arrhythmia induced by moxifloxacin is 
low. We tested the response of CMs to these two drugs at 

Fig. 2. The beating activities of three types of hiPS-CMs and a type of  hES-CMs with the xCELLigence RTCA Cardio System (A)  
Impedance measurements changes in time since seeding onto the E-plates. (B) Beating rates and amplitudes of CMs over 
time. White bar is iCell, black bar is Cellartis hiPS-CMs, gray bar is Cor.4U, and dot bar is Cellartis hES-CMs. Data repre-
sent mean ± S.D. (n = 10).
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72 hr after seeding onto the E-plate 96. The CMs were 
then evaluated by the xCELLigence system for 24 hr. The 
treated concentrations of moxifloxacin and sotalol were 
determined by our preliminary examinations and a previ-
ous report (Guo et al., 2013). The beating activities of all 
CMs did not change when the cells were treated with the 
vehicle (mixture of DMSO and methanol) (Figs. 3 and 4). 
As predicted, treatment with arrhythmogenic drugs result-
ed in a disturbance of the beating rhythm. We confirmed 
by microscope that sotalol and moxifloxacin had no cyto-
toxic effect on any of the CMs, even after 24 hr of expo-
sure (data not shown). In fact, the Cell Index values of 
all CMs were almost the same before and after the treat-
ment with moxifloxacin, indicating that this drug induced 
arrhythmogenic activity without cytotoxicity (Fig. 3, 
lower part). On the other hand, the Cell Index values of 
Cor.4U CMs treated with sotalol decreased (Fig. 4, low-
er part). Thus, sotalol may induce weak cytotoxicity in 

Cor.4U CMs. 
The drug response of CMs to moxifloxacin was var-

ied (Fig. 3). Moxifloxacin induced a change in beat-
ing activity of iCell CMs at a concentration of 100 μM 
in our preliminary examinations (data not shown). The 
beating rate of iCell CMs was reduced by moxifloxacin 
with no effects on amplitude. The beating rate of Cellar-
tis hiPS-CMs strongly increased for 10 min and subse-
quently decreased. The amplitude decreased for 1 hr, but 
then returned to its condition before treatment with the 
drug. The beating rate of Cor.4U CMs also decreased and 
the amplitude increased for 10 min. Moreover, abnormal 
beating patterns were detected from 12 hr onwards. The 
beating rate of hES-CMs gradually decreased.

It has been reported that sotalol caused arrhyth-
mic beating of iCell CMs at a concentration of 100 μM  
(Guo et al., 2013); therefore, we also chose this con-
centration for our experiment. Sotalol induced a typical 

Fig. 3. Responses of CMs to moxifloxacin. The upper part shows the beating activities of hiPS-CMs and hES-CMs. The time 
shown is the time passed after the addition of drugs. The lower part shows the dynamic changes of Cell Index. The data are 
normalized with the values before drug addition and indicates the values of 2 wells of the E-plate 96.
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arrhythmic beating pattern on all CMs (Fig. 4). The beat-
ing rates of all hiPS-CMs decreased immediately after 
treatment with sotalol. The abnormal beating rhythm was 
sustained for 24 hr in iCell and Cor.4U CMs. The abnor-
mal beating rhythm in iCell CMs with fibronectin-coat-
ed plates was similar to a previous report (Nguemo et al., 
2012). Since the dynamic Cell Index values of Cor.4U 
CMs decreased, the CMs were treated with a concentra-
tion of 10 μM. However, the Cell Index values and beat-
ing rhythm of Cor.4U CMs showed no change (data not 
shown). The beating activity of Cellartis hiPS-CMs arrest-
ed at 5 min after addition of the drug. Since the dynam-
ic Cell Index values of Cellartis hiPS-CMs increased, the 
CMs arrested on relaxation cycle of the CMs. In contrast, 
sotalol caused increase of the hES-CMs beating rate and 
although the beating discontinued 10 min after drug treat-
ment, it recovered after 1 hr. The amplitude of iCell and 
Cor.4U CMs and the hES-CMs decreased with time.

In conclusion, these results indicate that although 
arrhythmogenic activity can be evaluated with these CMs, 
they display diverse beating behaviors and response pat-
terns in the presence of arrhythmogenic drugs. In addi-
tion, sotalol, a strong arrhythmogenic agent, was shown 
to induce more dramatic changes to the beating activi-
ty of CMs than moxifloxacin. Therefore, we could not 
select the most suitable CMs to evaluate the arrhyth-
mogenic potential of drugs. Further studies are current-
ly underway to examine in detail the response of CMs to 
drugs, to allow for accurate predictions or their arrhyth-
mogenic potential in preclinical cardiac safety assessment 
of drugs.
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