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Abstract 

The advent of human induced pluripotent stem cell (hiPSC) technology has 

revolutionized stem cell research. It is now possible to generate hiPSCs from any 

individual, either healthy or diseased, for studying the pathophysiology of inheritable 

diseases and discovering new drugs. Moreover, in the future, hiPSCs may be utilized 

in personalized regenerative medicine-based applications. 

In the laboratory, hiPSCs can be cultured and differentiated into specific cell 

types, including cardiomyocytes. The electrical activity of differentiated 

cardiomyocytes can be assessed intracellularly by patch clamp techniques or 

extracellularly by multielectrode arrays (MEAs). The electrical activity of hiPSC-

derived cardiomyocytes corresponds to electrocardiogram (ECG) recordings of 

whole human heart. The QT-interval of the ECG represents the ventricular 

depolarization and repolarization and is measured from the beginning of the Q wave 

of the QRS complex to the end of the repolarizing T wave. The action potential 

duration and field potential duration values that are obtained from hiPSC-derived 

cardiomyocytes serve as surrogates for QT-interval of an ECG. Indeed, hiPSC-

derived cardiomyocytes are of major interest for investigations into cardiac safety 

and drug development. 

Long QT syndrome (LQTS) is an acquired or inheritable cardiac disorder 

characterized by a prolonged QT-interval on ECG. This condition predisposes an 

individual to life-threatening arrhythmias. LQTS results from mutations in cardiac 

ion channel-encoding genes. Certain pharmacological drugs or electrolyte 

imbalances (e.g., hypokalaemia) that prolong the QT-interval may increase the 

susceptibility of patients with LQTS to life-threatening arrhythmias. The estimated 

clinical prevalence of LQTS is approximately 1:5000. However, in Finland, 

molecular genetic screening has revealed that 1 in 250 Finns carry gene mutations 

predisposing them to LQTS.  

This dissertation describes the electrical activity present in hiPSC-derived wild-

type and LQT cardiomyocytes under pharmacological and hypokalaemic challenge 

as well as the development of a novel software package capable of analysing 

cardiomyocyte MEA data. With the software, the accuracy, reliability and throughput 

rate of data analysis were improved. At baseline, the LQT cardiomyocytes appeared 



to recapitulate clinical observations. Although the LQT cardiomyocytes responded 

to QT-interval-prolonging drugs as expected, no clear conclusion could be drawn 

regarding whether these cardiomyocytes are more susceptible to drugs than wild-

type cardiomyocytes. However, under hypokalaemic conditions, the LQT 

cardiomyocytes appeared to be more sensitive to hypokalaemia-induced 

repolarization time prolongation and arrhythmias. In conclusion, hiPSC-derived 

cardiomyocytes provide a valuable model for studying the features and 

pathophysiology of LQTS. 



 

Tiivistelmä 

Kantasolututkimus on mullistunut ihmisen uudelleenohjelmoitujen, erittäin 

monikykyisten kantasolujen (hiPS-solut) ansiosta. HiPS-soluja voidaan tuottaa 

kenestä tahansa yksilöstä moniin eri tarkoituksiin, kuten perinnöllisten tautien 

tutkimiseen ja uusien lääkeaineiden kehittämiseen. Tulevaisuudessa hiPS-soluja 

saatetaan hyödyntää uusiutuvassa eli regeneratiivisessa lääketieteessä, jonka 

tavoitteena on korjata vaurioituneet kudokset kantasolujen avulla. 

HiPS-soluja voidaan viljellä laboratorio-olosuhteissa ja erilaistaa eri solutyypeiksi, 

kuten sydänlihassoluiksi. Erilaistettujen sydänlihassolujen sähköistä toimintaa 

voidaan tutkia patch clamp tai multielektrodi array (MEA) – menetelmillä. hiPS-

soluista erilaistettujen sydänlihassolujen sähköisen toiminnan on havaittu monilta 

osin vastaavan koko sydämen sähköistä toimintaa, jota voidaan mitata 

sydänsähkökäyrällä (EKG). EKG-mittausten QT-aika kuvaa sydämen kammioiden 

depolarisaatiota ja repolarisaatiota. QT-aika mitataan QRS-kompleksin Q-aallosta 

repolarisoivan T-aallon loppuun. HiPS-soluista erilaistettujen sydänlihassolujen 

aktiopotentiaalin sekä kenttäpotentiaalin keston on havaittu vastaavan EKG-

mittausten QT-aikaa. Niinpä hiPS-soluista erilaistettuihin sydänlihassoluihin 

kohdistuu suurta mielenkiintoa mm. uusien sydänlääkkeiden kehittämiseksi. 

Pitkä QT-oireyhtymä (LQTS) voi olla joko hankittu tai synnynnäinen 

sydänsairaus, jonka tunnusomainen piirre on pidentynyt QT-aika EKG-mittauksissa, 

mikä voi altistaa hengenvaarallisille rytmihäiriöille. LQTS aiheutuu mutaatioista, 

jotka kohdistuvat sydänlihassolujen ionikanavia koodaaviin geeneihin. Eräät 

lääkeaineet tai elektrolyyttitasapainohäiriöt (esim. alhainen veren kaliumpitoisuus eli 

hypokalemia), jotka pidentävät QT-aikaa, voivat lisätä pitkä QT-potilaiden 

herkkyyttä hengenvaarallisille rytmihäiriöille. Kliinisesti, LQTS:n esiintyvyyden on 

arvioitu olevan 1:5000.  Suomessa molekyyligeneettiset tutkimukset ovat osoittaneet, 

että joka 250. suomalainen kantaa LQTS:lle altistavaa geenimutaatiota.  

Tämä väitöskirja käsittelee hiPS-soluista erilaistettujen terveiden ja LQT-

sydänlihassolujen sähköistä toimintaa erilaisten lääkeaineiden tai hypokalemian 

vaikutuksen alaisena sekä uuden tietokoneohjelman, jolla voidaan analysoida 

sydänlihassoluista saatu MEA-data. Väitöskirjassa kehitetyn tietokoneohjelman 

avulla voitiin analysoida sydänlihassoluista saatu MEA-data aiempaa nopeammin, 



tarkemmin ja varmemmin. Lähtökohtaisesti LQT-sydänlihassolut näyttäisivät 

ilmentävän taudille ominaista kliinistä kuvaa ja LQT-sydänlihassolujen vaste QT-

aikaa pidentäville lääkkeille oli odotettu. Näistä tuloksista huolimatta ei voitu vetää 

selkeää johtopäätöstä siitä, ovatko LQT-sydänlihassolut alttiimpia lääkkeiden 

aiheuttamille häiriöille kuin terveet sydänlihassolut. Kuitenkin hypokalemia-

olosuhteissa LQT-sydänlihassolut näyttäisivät olevan herkempiä aktiopotentiaali- 

sekä kenttäpotentiaalikeston pidentymälle ja rytmihäiriöille. Yhteenvetona 

todettakoon, että hiPS-soluista erilaistetut sydänlihassolut tarjoavat arvokkaan mallin 

tutkia pitkä QT-oireyhtymää ja sen patofysiologiaa.  
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1 Introduction 

Stem cells have two important features: self-renewal and the potential to differentiate 

into other cell types. Stem cells divide either symmetrically or asymmetrically; in the 

latter case, one of the daughter cells remains in a stem cell state and the other 

differentiates into a specific cell type based on environmental cues. A fertilized egg, 

or zygote, is totipotent and can give rise to any cell lineage in an organism, including 

extraembryonic tissues such as placenta. This totipotent state is maintained until the 

8-cell stage is reached in the zygote (Yamanaka et al., 2008). The zygote further 

develops into a blastocyst, which contains an inner cell mass. The inner cell mass is 

a source of pluripotent stem cells, which are able to differentiate into any cell type 

from the three germ layers (ecto-, meso-, or endoderm), including neurons, 

cardiomyocytes and hepatocytes; however they cannot differentiate into 

extraembryonic tissues (Dang-Nguyen and Torres-Padilla, 2015; Yamanaka et al., 

2008). 

The derivation of the first pluripotent human embryonic stem cell (hESC) lines 

from blastocyst inner cell masses in 1998 raised the possibility of using hESCs for 

medical applications, including cell transplantation therapies and treatments for 

degenerative diseases (Thomson, 1998; Yamanaka et al., 2008). However, the use of 

hESCs for medical applications has faced many challenges. In a practical sense, 

immune rejection represents a major concern because derived hESCs have different 

immune antigens than the patients who would be receiving them during cell 

transplantation (Tanabe et al., 2014). Most importantly, ethical challenges strongly 

hinder the clinical application of hESCs because they are derived from fertilized eggs 

and thus cannot be obtained without destroying an embryo. This raises extremely 

problematic ethical dilemmas, especially for those who consider human embryos 

functionally equivalent to adult human beings. The ethical and political issues 

surrounding the use of hESCs have also majorly impacted the legal framework 

related to hESC research and funding among different countries (de Miguel-Beriain, 

2015). 

The discovery of human induced pluripotent stem cells (hiPSCs) has enabled 

researchers to generate pluripotent stem cells from any individual, thereby avoiding 

the aforementioned dilemmas concerning hESCs (Takahashi et al., 2007). hiPSCs 
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and hESCs, collectively called human pluripotent stem cells (hPSCs), can be 

differentiated into virtually any desired cell type (e.g., cardiomyocytes) in the 

laboratory setting using a variety of differentiation methods (Itskovitz-Eldor et al., 

2000; Laflamme et al., 2007; Lian et al., 2012; Mummery et al., 2003). Thus, hiPSCs 

hold great potential and promise for regenerative medicine.  

The ability to generate functional cardiomyocytes is especially important for drug 

development, transplantation applications and disease modelling. Recently, it was 

proposed that the current International Council for Harmonisation of Technical 

Requirements for Pharmaceuticals for Human Use S7B guideline could be replaced 

with a comprehensive in vitro proarrhythmia assay for use in drug-safety screenings 

(Cavero and Holzgrefe, 2014; Sager et al., 2014). One of the three key components 

of this comprehensive in vitro proarrhythmia assay involves the use of hiPSC-

derived cardiomyocytes, which are thought to reflect human cardiac physiology 

better than other currently available models, such as animal models. Multielectrode 

arrays (MEAs) are devices used to measure electrical activity in excitable cells such 

as cardiomyocytes and could prove useful in the comprehensive in vitro 

proarrhythmia assay. However, for this idea to come to fruition, it is necessary to 

develop software that can analyse MEA data.  

Previously, cardiovascular disease modelling has relied on transiently transfected 

noncardiac cells and animal models, which either lack the complexity of native 

cardiac cells or do not reflect human cardiac physiology. Thus, hiPSCs have 

revolutionized research of genetic diseases. Thus far, hiPSCs have been successfully 

used in modelling a variety of heritable diseases, including cardiac disease long QT 

syndrome (LQTS) (Bellin et al., 2013; Egashira et al., 2012; Itzhaki et al., 2011; Lahti 

et al., 2012; Ma et al., 2013; Matsa et al., 2011; Moretti et al., 2010; Yazawa et al., 

2011). LQTS results from mutations in cardiac ion channel-encoding genes and 

manifests as abnormally long QT-intervals on electrocardiogram (ECG). Notably, 

LQTS can cause life-threatening arrhythmias known as polymorphic ventricular 

tachycardia or torsades de pointes (TdP)  (Schwartz et al., 2013). Patients with LQTS 

are advised to avoid certain drugs that can prolong the QT-interval. In addition, 

disturbances to electrolyte balance, such as that caused by hypokalaemia, can also 

aggravate LQTS and lead to life-threatening arrhythmias such as ventricular 

tachycardia and ventricular fibrillation. 

Overall, the objective of this dissertation was to investigate the 

electrophysiological properties of hiPSC-derived LQT-cardiomyocytes in response 

to various drugs that affect cardiac action potential and under hypokalaemic 

conditions. The first aim of this dissertation was to develop computer software for 
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the analysis of MEA data generated from hPSC-derived cardiomyocytes. The second 

aim was to investigate the effects of clinically relevant concentrations of known 

drugs that affect cardiac action potential on hiPSC-derived LQT cardiomyocytes. 

The third aim was to investigate the effects of hypokalaemia on the 

electrophysiological properties of hiPSC-derived LQT cardiomyocytes.  
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2 Review of the Literature 

2.1 The dawn of reprogramming science and induced 
pluripotent stem cells  

The introduction of iPS cell technology represented a major paradigm shift in stem 

cell research. Previously, it was thought that cellular differentiation is irreversible and 

that differentiated cells are locked into that state. In 2006, Yamanaka and colleagues 

changed these views by reprogramming fully differentiated mouse adult fibroblasts 

into a pluripotent state using the pluripotency factors OCT3/4, SOX2, C-MYC and 

KLF4 (Takahashi and Yamanaka, 2006). In 2007, the same group reprogrammed 

human adult fibroblasts into a pluripotent state using the same four factors, which 

became designated the “Yamanaka factors”  (Takahashi et al., 2007). hiPSCs have 

since been extensively studied, and recent evidence suggests that genetically matched 

hESCs and hiPSCs are molecularly and functionally equivalent (Choi et al., 2015). 

Notably hPSCs can provide a potentially unlimited supply of cells capable of 

differentiating into specific cell types, including cardiomyocytes (Figure 1). 

The discovery that somatic cells can be reprogrammed into a stem cell-like state 

would not have been possible without the efforts of a collection of notable preceding 

studies. The roots of reprogramming science stem from cloning and nuclear transfer 

studies, wherein the nucleus of a differentiated cell is transferred into an enucleated 

oocyte (Tanabe et al., 2014). Although this type of nuclear transfer was first proposed 

in 1938 by Hans Spemann, it took many years to achieve the first successful somatic 

cell nuclear transfer in frogs (Briggs and King, 1952). Later, Sir John Gurdon showed 

that even adult frog cell nuclei could be used for successful somatic cell nuclear 

transfer (Gurdon, 1962). In 1997, the famous sheep named Dolly was the first 

mammal created using somatic cell nuclear transfer (Wilmut et al., 1997). 

Collectively, these data indicated that the information contained in nuclei is not 

irreversibly deleted when cells commit to a specific fate during development. 

Moreover, somatic cells also have the potential to be converted into other cell types. 

Furthermore, it was discovered that oocytes include reprogramming factors that can 

revert differentiated somatic cells into a totipotent status, as demonstrated by cloning 

(Tanabe et al., 2014). Later, it was shown that embryonic stem cells can also be used 
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to reprogram the nuclei of somatic cells toward a pluripotent state after cell fusion, 

thus demonstrating that embryonic stem cells contain reprogramming factors 

(Cowan et al., 2005).  

More clues regarding cell reprogramming came from studies in which cell fate 

was converted using defined factors. In 1987, the first conversion of fibroblast cells 

into myofibers using retroviral transgene expression of MyoD was successfully 

reported (Davis et al., 1987). Based on the information discussed above and due to 

the ethical issues regarding the use of hESCs, Yamanaka and his team developed the 

novel concept of establishing pluripotent stem cells by inducing pluripotency using 

defined factors (Tanabe et al., 2014). For their efforts, Shinya Yamanaka and John 

Gurdon were awarded the Nobel Prize in Medicine in 2012. 

Research on iPS cells has grown very rapidly in recent years. The annual growth 

rate in iPS cell-related publications was 77 % (measured in released publications) 

from 2008 to 2012, whereas hESC publications had an annual growth rate of 5 % 

during the same period (de Miguel-Beriain, 2015). This shows the enormous interest 

in studying iPS cells that has developed in the research community. 



20 

 

Figure 1.  During fertilization, the nuclei of a sperm and an egg fuse to form a zygote. The zygote 
further develops into blastocyst that contains an inner cell mass. Human embryonic 
pluripotent stem cells are derived from the inner cell mass. In contrast, human induced 
pluripotent stem cells are generated by reprogramming somatic cells into a pluripotent state 
using defined factors known as Yamanaka factors (OCT3/4, SOX2, C-MYC and KLF4). 
Pluripotent stem cells of either embryonic or somatic cell origin are able to form cells from 
all three germ layers and can differentiate into specific cell types, including neurons, 
cardiomyocytes and hepatocytes (Menon et al., 2016). The figure is modified from (Menon 
et al., 2016) and shows images from the Servier Medical Art PowerPoint image bank 
(http://www.servier.com/Powerpoint-image-bank).  
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2.1.1 Generation of human induced pluripotent stem cells  

The first hiPSCs were generated from adult skin fibroblasts using retroviral and 

lentiviral vectors (Takahashi et al., 2007; Yu et al., 2007). Since then, there has been 

enormous progress in developing successful reprogramming strategies. 

Nevertheless, the variables involved in most reprogramming protocols remain the 

same: the choice of somatic cell source, the reprogramming factors used, the delivery 

method for these factors and the culturing conditions employed (Brouwer et al., 

2016). 

Many different somatic cell types have been successfully used to generate hiPSCs, 

including skin fibroblasts, keratinocytes, urine cells and blood cells, among others 

(Brouwer et al., 2016). However, evidence suggests that different reprogramming 

efficiencies and kinetics exist among different somatic cell types. For example, 

keratinocytes showed hundred-fold more efficient and two-fold faster hiPSC 

generation than fibroblasts (Aasen et al., 2008). Furthermore, the choice of 

reprogramming factors appears to be dependent on somatic cell type. Skin 

fibroblasts can be reprogrammed into hiPSCs without c-Myc but with much lower 

efficiency (Nakagawa et al., 2008). Some somatic cell types may already express 

certain reprogramming factors at sufficient levels for reprogramming, thus 

eliminating the need to add these factors into the reprogramming mix (Brouwer et 

al., 2016). For example, human neural stem cells have been reprogrammed to hiPSCs 

using only the addition of the transcription factor Oct3/4 (Kim et al., 2009).  

The choice of somatic cell type not only influences reprogramming efficiency and 

kinetics but also the quality of acquired hiPSCs (Brouwer et al., 2016). Several studies 

have indicated that hiPSCs retain epigenetic memory of the somatic cells from which 

they are generated (Bar-Nur et al., 2011; Kim et al., 2011; Marchetto et al., 2009; Ohi 

et al., 2011; Sanchez-Freire et al., 2014). Due to retained epigenetic memory in 

hiPSCs, differentiation potential may also vary depending on the donor cell germ 

layer. Very recently, the effect of epigenetic memory on the differentiation and 

function of hiPSC-derived cardiomyocytes was assessed by examining hiPSC-

derived cardiomyocytes generated from skin fibroblasts and cardiac progenitor cells 

(CPCs) from the same donor (Sanchez-Freire et al., 2014). Sanchez-Freire and 

colleagues showed that the differentiation efficiency was higher in CPC-derived 

hiPSCs than in fibroblast-derived hiPSCs. In conjunction with the reduced 

differentiation efficiency, there was a greater degree of DNA methylation of the 

NK2 transcription factor related, locus 5 gene, which is one of the earliest cardiac-

specific markers in developing cardiac cells, in fibroblast-derived hiPSCs than in 
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CPC-derived hiPSCs. Thus, the epigenetic background of reprogrammable cells may 

have a significant effect on their abilities to efficiently differentiate into specific 

lineages. However, in terms of cardiomyocyte function, there were no significant 

differences in the morphological or electrophysiological properties between the 

cardiomyocytes derived from fibroblast- and CPC-derived hiPSCs at early passages. 

Sanchez-Freire and colleagues noticed that epigenetic differences between hiPSCs 

dissipated with increased cell passaging. Similar reports in which continuous 

passaging causes hiPSCs to closely resemble hESCs over time have also been 

published (Hussein et al., 2011; Nishino et al., 2011). Collectively, these data suggest 

that, although there are differences in the quality of hiPSCs acquired from 

reprogramming various somatic cell types, hiPSCs lose their inherited parent cell 

characteristics over time and begin to resemble hESCs. However, genetically 

matched hESCs and hiPSCs are molecularly and functionally equivalent and that the 

differences observed between genetically unmatched hESCs and hiPSCs may arise 

from variations in genetic background (Choi et al., 2015).   

Since the reprogramming factors OCT3/4, SOX2, C-MYC, KLF4, NANOG and 

LIN28 (Takahashi et al., 2007; Yu et al., 2007) have been introduced for use in hiPSC 

generation, many other factors have been discovered that help mediate somatic cell 

reprogramming. These factors include other transcription factors (e.g., Sall4, Utf1, 

GLIS1 and L-Myc, among others), microRNAs, small molecules and culturing 

conditions, all of which improve the efficiency of somatic cell reprogramming 

(Brouwer et al., 2016). To reprogram a somatic cell into a pluripotent state, the core 

transcriptional circuitry responsible for pluripotency needs to be activated. OCT3/4 

seems to have crucial role in this activation and is considered a master pluripotency 

self-renewal factor as well as a key facilitator of cell state transitions, such as cellular 

reprogramming, differentiation and transdifferentiation. Although some studies 

suggest that OCT3/4 could be replaced with other factors, most of these alternatives 

still appear to act by upregulating the endogenous OCT3/4 locus, underscoring the 

importance of OCT3/4 in reprogramming. (Radzisheuskaya and Silva, 2014.) 

Methods for delivering reprogramming factors to cells can be divided into two 

basic approaches: viral transduction and non-viral delivery (Table 1). Both of these 

methods include integrative and non-integrative approaches, in which 

reprogramming factors are either integrated into a host cell genome or transiently 

expressed (Brouwer et al., 2016). The first hiPSCs were generated by retro- and 

lentiviral transduction (Takahashi et al., 2007; Yu et al., 2007). In retroviral 

transduction, only dividing cells are infected and the exogenous transgene is 

integrated into the host cell genome. Similarly to retroviruses, lentivirus genomes 
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also integrate into host cell genomes; however, lentiviruses can also infect non-

dividing cells. Although relatively efficient, the downsides of these methods are an 

increased risk of tumorigenicity due to random insertional mutagenesis and, in some 

cases, inefficient silencing or reactivation of exogenous transgenes (Brouwer et al., 

2016). Therefore, these methods are not suitable for clinical use. This has led to the 

development of non-integrative reprogramming methods. However, before the 

emergence of newer non-integrative methods, integrative methods were widely used 

for generating hiPSCs (Shao and Wu, 2010).  

Adenoviral vector transduction was the first non-integrative viral method used 

for hiPSC generation, with proof-of-principle experiments using adenoviruses to 

generate iPS cells first being conducted in mice (Stadtfeld et al., 2008; Zhou and 

Freed, 2009). However, the use of adenoviral vectors has been limited by their very 

low reprogramming efficiency compared to integrative retro- or lentiviral vectors. 

Another method more efficient than adenoviral or even retroviral transduction is the 

use of non-integrating Sendai virus vectors (Fusaki et al., 2009). Sendai virus is a 

single-stranded RNA virus that replicates in the cytoplasm of infected cells and does 

not integrate into the host genome. Moreover, Sendai viral vectors infect a wide 

spectrum of host cell species and are thus very suitable for hiPSC generation from a 

wide range of somatic cell types (Fusaki et al., 2009). These vectors have been further 

improved by introducing temperature-sensitive mutations so that the viruses can be 

easily removed at non-permissive temperatures (Ban et al., 2011).  

Non-viral integrative delivery methods include the piggyBac transposon system, 

plasmid transfection, minicircle DNA vectors, episomal vectors, direct protein 

delivery and delivery of synthesized mRNA (Brouwer et al., 2016). Very recently, a 

comparative study was published in which the most popular non-integrating 

reprogramming methods (e.g., Sendai virus and episomal and mRNA transfection) 

were compared (Schlaeger et al., 2015). That study revealed no substantial method-

specific differences in marker expression levels, developmental potential, DNA 

methylation or copy number variation in reprogrammed hiPSCs. An online survey 

among hiPSC core facilities and research laboratories revealed that lentivirus, 

retrovirus or Sendai virus induction methods are the most popular, followed by RNA 

and episomal methods. In addition, the very high method-adoption rate and 

increased popularity of Sendai viral vectors indicates that most laboratories are 

gradually switching to non-integrative techniques (Schlaeger et al., 2015). Our 

research group has also investigated easy-to-deploy non-integrating methods for 

hiPSC production (Manzini et al., 2015). Four widely used methods (Sendai virus, 

Nucleofector, the Neon transfection system and Lipofectamine 3000) were shown 
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to produce hiPSCs with variable efficiency. As expected, the use of Sendai virus was 

the most effective reprogramming method. Regardless of the reprogramming 

method used, no significant differences in morphology, expression of pluripotency 

markers, differentiation potential or karyotype were found (Manzini et al., 2015). 

To date, hiPSCs have not been successfully generated solely by using small 

molecules, although evidence from mouse studies suggests that this type of 

reprogramming is possible (Hou et al., 2013; Lin and Wu, 2015). The use of small 

molecules for reprogramming would provide a safe method for generating clinical-

grade hiPSCs. In the future, a small-molecule cocktail that can efficiently reprogram 

human somatic cells into pluripotent state may become available. 

Table 1.  Methods for generating hiPSCs include viral transduction and non-viral delivery, both of 
which use integrative or non-integrative approaches. Table modified from (Brouwer et al., 
2016). 

Delivery method Advantages Disadvantages 

Viral transduction   

Retro/Lentivirus Very efficient, widely applied Genomic integration, retroviruses 

only infect dividing cells 

Adenovirus No genomic integration Very inefficient, requires multiple 

infections 

Sendai virus No genomic integration, infects a 

wide range of cell types, easily 

removable 

Requires multiple viruses 

containing one factor each 

Non-viral delivery    

PiggyBac transposon system Relatively efficient, xeno-free, 

excisable 

Genomic integration, risk of 

reintegration 

Protein No genomic integration Very inefficient, requires multiple 

transfections 

mRNA  No genomic integration, relatively 

efficient 

Requires multiple transfections  

Episomal vector No genomic integration, relatively 

easy 

Very inefficient, requires multiple 

transfections, risk of genomic 

integration 

Minicircle DNA No genomic integration, relatively 

easy, xeno-free 

Very inefficient, requires multiple 

transfections 
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2.1.2 Characterization of human induced pluripotent stem cells 

After reprogramming, it is important to characterize the generated hiPSCs to validate 

their identity. Human iPS cells can be characterized based on five different features: 

morphology, pluripotency markers, differentiation potential, epigenetic profile and 

genetic profile (Brouwer et al., 2016). hiPSCs have a distinguishable morphology: 

they form tightly packed colonies with clear borders, and individual cells have a large 

nucleoli/cytoplasm ratio that is similar to hESCs (Takahashi et al., 2007). Exo- and 

endogenous pluripotency markers can be assessed at the gene-expression level using 

reverse-transcriptase polymerase chain reaction and at the protein-expression level 

using immunocytochemistry. These markers include surface markers for stage-

specific embryonic antigens 3 and 4, the tumour-related antigens 1-60 and 1-81, and 

alkaline phosphatase (Adewumi et al., 2007; Takahashi et al., 2007). Other important 

markers for determining pluripotency include Oct3/4, Nanog and Sox2, which are 

considered the core ESC pluripotency factors (Young, 2011).  

Pluripotent stem cells have the ability to differentiate into cells of all three germ 

layers (ecto-, meso-, and endoderm). The differentiation potential of hiPSCs can be 

studied by two methods: in vitro embryoid body formation assay and in vivo teratoma 

assay. In the embryoid body formation assay, hiPSCs detached from cell culture 

plates spontaneously form embryoid body structures in which they differentiate into 

cells of all three germ layers (Takahashi et al., 2007). Reverse-transcriptase 

polymerase chain reaction and immunocytochemistry methods can also be used to 

detect the expression of germ layer markers at the gene or protein level (Itskovitz-

Eldor et al., 2000; Pekkanen-Mattila et al., 2010). In addition, the pluripotency of 

hiPSCs can be tested in vivo by injecting the cells into severe combined 

immunodeficient mice and monitoring the formation of benign teratomas, which 

contain tissue components from all three germ layers (Takahashi et al., 2007).  

Teratomas can be stained with haematoxylin & eosin and examined histologically.  

The epigenetic profiles of hiPSCs can be assessed by studying the DNA 

methylation patterns of key pluripotency genes and genes specific to the somatic cell 

type from which a hiPSC is generated. Because DNA methylation affects gene 

transcription, key pluripotency genes should be demethylated in hiPSCs to facilitate 

active gene transcription, while genes specific to the corresponding somatic cell type 

should be methylated to facilitate the repression of gene transcription (Brouwer et 

al., 2016) 

The genetic profiles of hiPSCs can be assessed by karyotyping and by verifying 

that exogenous transgenes used for reprogramming are silenced. Karyotyping is 
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normally performed at the beginning of cell line derivation and on a periodic basis 

thereafter if cells are cultured continuously. Karyotypes can be studied by Giemsa 

banding or KaryoLite assay (Lund et al., 2012). The silencing of exogenous 

transgenes can be verified using reverse-transcriptase polymerase chain reaction to 

show that hiPSCs are fully reprogrammed (Takahashi et al., 2007). The 

characterization methods discussed above should be performed in combination 

when verifying the identity of hiPSCs.  

2.2 Cardiomyocytes and cardiac differentiation in vitro 

The human heart is comprised of three layers: the epi-, myo- and endocardium 

(Figure 2). The outermost layer, i.e., the epicardium, is composed of connective 

tissue that serves as additional layer of protection to the heart, whereas the innermost 

layer, i.e., the endocardium, is comprised of endothelial cells that line the four 

chambers of the heart. The cardiac muscle tissue, i.e., the myocardium, contains 

contracting cardiomyocytes that are responsible for the pumping function of the 

heart. In the left ventricle, myocardial fibres run in three different directions, 

resulting in a rotation (“twisting”) of the left ventricle upon heart contraction, which 

increases the ejection fraction (Nakatani, 2011). Cardiomyocytes are composed of 

evenly distributed and highly organized myofibrils that span the entire cell. These 

myofibrils contain sarcomeres, which are the contractile unit of cardiomyocytes. The 

sarcomeres further contain thin actin and thick myosin filaments, which are 

responsible for contraction (Heikkilä et al., 2008). 
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Figure 2.  Structure of the human heart. Sinoatrial and atrioventricular nodes contain cardiac 
pacemaker cells that are responsible for the spontaneous initiation of the heartbeat. The 
middle layer of the human heart, i.e., the myocardium, contains contracting cardiomyocytes. 
Myofibrils span each cardiomyocyte from one end to the other. These myofibrils are 
composed of sarcomeres that line up end-to-end, forming a long chain that is the basic 
component driving contraction. Sarcomeres contain thin actin and thick myosin filaments 
that slide along each other during action potential, causing heart contraction (Heikkilä et al., 
2008) The figure is composed of images collected from the Servier Medical Art PowerPoint 
image bank (http://www.servier.com/Powerpoint-image-bank).  

 

Cardiomyocytes can be further divided into three subtypes: nodal, atrial and 

ventricular cardiomyocytes. The average length and diameter of ventricular 

cardiomyocytes from adult human hearts vary between 100–150 µm and 10–20 µm, 

respectively (Gerdes et al., 1998; Sarantitis et al., 2012).  In mature cardiomyocytes, 

the structure of the sarcomere is highly organized and has a length of approximately 

2.2 µm (Yang et al., 2014). Healthy cardiomyocytes show mononucleated or 

binucleated phenotypes. In foetal human hearts, a proliferative mononucleated 

cardiomyocyte phenotype is more prevalent, and binucleation begins just before 

birth. The binucleation of cardiomyocytes is a characteristic of terminally 

differentiated cells that are unable to proliferate. The physiological importance of 

binucleation remains poorly understood. (Paradis et al., 2014.) 
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Animal studies have shown that heart regeneration is evident in urodeles, 

zebrafish and newborn mice (Leone et al., 2015). However, controversy remains 

regarding the regeneration potential of the human heart. Although evidence shows 

that such regeneration potential exists, the magnitude of human cardiomyocyte 

renewal is debated (Bergmann and Jovinge, 2014). Some evidence suggests that the 

adult human heart has low regenerative capacity, whereas other evidence suggests 

that the adult human heart is completely renewed at least every 5 years (Bergmann 

and Jovinge, 2014). The low turnover of cardiomyocytes suggests that only 

approximately 50 % of these cells are exchanged over a normal lifespan (Bergmann 

et al., 2009). However, it is unclear whether all cardiomyocytes contribute to turnover 

or whether a subpopulation with higher proliferative capacity exists (Leone et al., 

2015). One very recent study identified a rare population of hypoxic cardiomyocytes 

that displayed the characteristics of proliferative cardiomyocytes, such as a 

mononucleated phenotype, which may indicate the existence of a cardiomyocyte 

subpopulation with regenerative potential in the adult human heart (Kimura et al., 

2015).  

2.2.1 Cardiomyocyte differentiation in vitro 

In vitro differentiation of cardiomyocytes from hiPSCs can be divided into 

spontaneous and directed differentiation (Hartman et al., 2016). Spontaneous 

differentiation occurs via the formation of embryoid bodies and was first 

demonstrated in mouse ESCs and later in hESCs (Doetschman et al., 1985; 

Itskovitz-Eldor et al., 2000). Embryoid body formation somewhat recapitulates 

normal cardiac development in embryos (Hartman et al., 2016). The embryoid body 

method is relatively inefficient, with only approximately 10 % of the total number of 

plated embryoid bodies producing spontaneously beating human cardiomyocytes 

(Kehat et al., 2001). 

Later, directed differentiation methods were developed that took cues from 

developmental biology. In simple terms, the human heart is developed through 

separate phases: first, mesoderm is formed from pluripotent stem cells, which 

eventually becomes cardiac mesoderm, followed by the formation of cardiac 

progenitor cells and, subsequently, cardiomyocytes (Burridge et al., 2012). The 

differentiation process is quite rapid, as beating cells become evident within 

approximately 10 days. The differentiation process is controlled by a number of 

critical signalling molecules, such as Nodal, Wnt and bone morphogenetic protein 
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(Hartman et al., 2016). Several directed cardiac differentiation protocols have utilized 

these critical signal molecules. 

The first directed differentiation method that was developed utilized endoderm-

derived signals to promote cardiomyogenesis (Mummery et al., 2003). Mummery and 

colleagues plated hESCs on top of mouse visceral endoderm-like cells (END-2) to 

initiate cardiac differentiation. Using this END-2 differentiation method, a cardiac 

differentiation efficiency of up to 25 % can be achieved (Mummery et al., 2003; 

Mummery et al., 2012; Passier et al., 2005).  

Although the aforementioned embryoid body and END-2 differentiation 

methods yield hPSC-derived cardiomyocytes, they are inefficient, poorly scalable and 

not suitable for clinical use (Hartman et al., 2016). Therefore, more refined methods 

were developed that utilized known signalling molecules that are expressed in the 

developing heart. The first of these methods was reported in 2007 by Laflamme and 

colleagues and involved the serial application of activin A and bone morphogenetic 

protein 4 (Laflamme et al., 2007). These defined differentiation methods utilized 

feeder-free culture systems in which hPSCs are grown on Matrigel™-coated 

substrates (Xu et al., 2001). Matrigel™ is a solubilized basement membrane 

preparation extracted from Engelbreth-Holm-Swarm mouse sarcoma cells 

(Kleinman and Martin, 2005). First, hPSCs are cultured until confluent on 

Matrigel™, and then cardiac differentiation is initiated by introducing serum-free 

defined media containing activin A. Twenty-four hours later, the activin A is 

removed, and bone morphogenetic protein 4 is added and maintained for 4 days. 

Approximately 8–12 days after the initial induction, spontaneously beating 

cardiomyocytes can be seen at an efficiency of approximately 30–60 % (Laflamme 

et al., 2007). 

Wnt/β-catenin signalling has been found to play a biphasic role in cardiac 

differentiation. Early activation of the canonical Wnt pathway stimulates mesoderm 

induction and, if sustained, Wnt pathway activation will inhibit cardiomyogenesis 

(Hartman et al., 2016). Keller and colleagues developed a protocol in which Wnt 

signalling is activated via activin A, bone morphogenetic protein 4 and basic 

fibroblast growth factor and inhibited by Dickkopf homolog 1 at later stages of 

differentiation. In addition, vascular endothelial growth factor and basic fibroblast 

growth factor were added to support the continued expansion of cardiovascular-

lineage cells. With this method, cardiomyocyte differentiation efficiency ranged 

between 40–60 % (Yang et al., 2008). 

Extracellular matrix is important for cardiomyocyte differentiation, as it supports 

cell migration, enables cross-talk between extracellular matrix receptors and growth 
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factors, sequesters growth factors, transduces mechanical force to cells and provides 

a dynamic environment that transmits differentiation cues to cells (Hartman et al., 

2016). Zhang and colleagues used a Matrigel™ overlay step at two critical time points 

of cardiac differentiation and showed that the addition of Matrigel™ to hESCs 

before growth factor-mediated initiation of cardiac differentiation promoted 

epithelial-to-mesenchymal transition, mimicking the very first step of cardiac 

differentiation. Activin A was used for mesodermal differentiation in conjunction 

with Matrigel™, forming the second critical time point in the Matrigel™ overlay 

differentiation process. In addition to activin A, bone morphogenetic protein 4 and 

basic fibroblast growth factor were used as signal molecules for cardiomyocyte 

differentiation. With this “Matrix sandwich” method, the differentiation efficiency 

reached 40–90 % (Zhang et al., 2012). 

The development of directed growth factor-based differentiation methods 

represented a major advance over spontaneous embryoid body-based methods 

(Hartman et al., 2016). However, these growth factor-based methods are not without 

limitations. First, growth factors are expensive. Second, due to line-to-line variations, 

the differentiation efficacy varies with these methods. This has led to the 

development of protocols that do not use growth factors but instead utilize small 

molecules. Recently, differentiation protocols that modulate Wnt signalling have 

been published (Burridge et al., 2014; Lian et al., 2012; Minami et al., 2012). These 

methods rely on the activation of Wnt signalling with glycogen synthase kinase 3 

inhibitor or 6-bromoindirubin-3´-oxime, which stimulates the formation of 

mesoderm from hPSCs. Following this, Wnt inhibition is implemented using 

inhibitors of Wnt production-2 and -4, WNT-C59 or KY0211, which induces 

cardiomyocyte differentiation. These small molecule differentiation methods are 

highly efficient (>90 % cardiomyocyte purity) and cost-effective, and they enable the 

generation of clinical-grade cardiomyocytes (Burridge et al., 2014; Lian et al., 2012; 

Minami et al., 2012). 

Based on our experience, defined and directed differentiation using growth 

factors or small molecules do not universally work for all hPSC lines, probably due 

to line-to-line variation (Denning et al., 2015). Therefore, the widespread use of 

growth factors or small molecules to successfully differentiate cardiomyocytes will 

require additional testing and optimization steps for different cell lines. However, 

the END-2 method works very well with our group’s cell lines and is more adaptable 

to a large number of different cell lines. 

Another emerging concept in cellular reprogramming is the direct conversion of 

one somatic cell type to another. In direct cardiac reprogramming, which was first 
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demonstrated in mice, induced cardiomyocytes are obtained from fibroblasts via the 

ectopic expression of three transcription factors: Gata4, Mef2c and Tbx5 (GMT) 

(Ieda et al., 2010). This strategy was later successfully employed to achieve in vivo 

cardiac reprogramming (Srivastava and Yu, 2015). The induced cardiomyocyte 

technique has also been shown to work in human fibroblasts, although other 

reprogramming factors in addition to GMT were needed (Fu et al., 2013; Nam et al., 

2013; Wada et al., 2013). However, the human induced cardiomyocyte technique still 

requires additional refinement because current methods are slow and inefficient, and 

the generated cardiomyocytes do not show spontaneous contractility (Srivastava and 

Yu, 2015). 

Very recently, an exciting discovery was made that may change regenerative 

medicine. Small molecules were used to successfully convert human fibroblasts into 

functional cardiomyocytes in just 30 days (Cao et al., 2016). A 9-compound cocktail 

was used to accomplish this feat after being applied to human foetal fibroblasts and 

human lung fibroblasts, with an overall differentiation efficiency of approximately 7 

%. In contrast to human induced cardiomyocytes, 97 % of these chemically induced 

cardiomyocytes exhibited spontaneous contractility, and they expressed cardiac 

structural proteins and responded to pharmacological agents similarly to hPSC-

derived cardiomyocytes. Overall, the chemically induced cardiomyocytes resembled 

hPSC-derived cardiomyocytes and had comparable maturity. The 9-compound 

cocktail was also able to partially re-muscularize infarcted areas in the hearts of 

immunodeficient mice, which could pave way for in situ heart repair by targeting 

cardiac fibroblasts with small molecules (Cao et al., 2016). 

2.2.2 Characterization of cardiomyocytes 

Cardiomyocytes differentiated from hPSCs are heterogeneous in nature and consists 

of nodal-, atrial- and ventricular-like cells, which possess distinct molecular and 

functional properties (Karakikes et al., 2015). In general, differentiated 

cardiomyocytes can be characterized and identified based on their biochemical, 

morphological and functional features (Liu et al., 2012). Morphologically, the most 

apparent feature of cardiomyocytes is their spontaneous beating (Kehat et al., 2001; 

Mummery et al., 2003). Cardiomyocytes express various cardiac-specific markers, 

such as transcription factors (e.g., Gata4, Nkx2.5 and Tbx5), structural proteins (e.g., 

troponin T, α-actinin and α-myosin heavy chain), Ca2+ cycling machinery proteins 

(e.g., ryanodine receptor 2 and sarcoplasm reticulum Ca2+-ATPase), and cardiac ion 
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channels (e.g., potassium channels IKs and IKr, encoded by potassium voltage-gated 

channel subfamily Q member 1 (KCNQ1) and potassium voltage-gated channel 

subfamily H member 2/human Ether-á-go-go-related gene (KCNH2/hERG), 

respectively) (Karakikes et al., 2015). The structural properties and organization of 

cardiomyocytes, such as the presence of myofibrils and sarcomeres, can be assessed 

by electron microscopy (Pekkanen-Mattila et al., 2009). As for functional studies, the 

electrophysiological characteristics of cardiomyocytes can be assessed using patch 

clamp techniques for single cardiomyocytes and multielectrode arrays for 

cardiomyocyte clusters. In addition, calcium signalling in cardiomyocytes can be 

assessed by calcium imaging (Kujala et al., 2012). 

Currently, it is widely accepted that hPSC-derived cardiomyocytes are relatively 

immature compared to human adult cardiomyocytes (Hartman et al., 2016; 

Karakikes et al., 2015; Liu et al., 2012; Veerman et al., 2015; Yang et al., 2014). 

Numerous methods of enhancing the maturity of hPSC-derived cardiomyocytes 

exist, including long-term culture, co-culture with non-cardiomyocytes, 3D culture, 

electrical stimulation, mechanical stretching, chemically induced maturation, 

introduction of extracellular matrix proteins, modulation of extracellular substrate 

surface topography and artificial introduction of key genes involved in cardiac 

maturation (Veerman et al., 2015). 

2.3 Electrophysiology of cardiomyocytes 

2.3.1 Cardiac action potential and electrophysiology of human induced 
pluripotent stem cell-derived ventricular-like cardiomyocytes  

Cardiomyocytes are electrically excitable cells that can transform electrical signals 

into mechanical contractions in a process called excitation-contraction coupling. 

Cardiac action potential is a tightly regulated process in which cardiomyocyte 

membrane potential changes due to the movement of ions (Na+, Ca2+, and K+) into 

and out of the cell. Further, cardiac action potential can be transferred into 

mechanical behaviour; in the case of whole hearts, this transfer is needed for efficient 

pumping of blood through the circulatory system. Thus, the disruption of cardiac 

action potential can result in cardiac arrhythmia, which in the worst-case scenario 

could prove fatal. However, the average heart beats over 2.2 billion times in a lifetime 

(the World Health Organization life expectancy is 71 years, and the heart beats on 
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average 60 times per minute), and behind every beat is a successful cardiac action 

potential. 

Cardiac action potentials vary among different subtypes of cardiomyocytes 

(nodal-, atrial-, and ventricular-like cells). In general, cardiac action potential is the 

sum of the activity of various cardiac ion channels (Veerman et al., 2015). The 

currents of cardiac ion channels can be recorded using voltage clamp techniques 

(Hamill et al., 1981; Sakmann and Neher, 1984). Ventricular cardiac action potential 

is further discussed below (Figure 3). 

 

 

Figure 3.  Schematic showing the course of ventricular cardiac action potential and the underlying ionic 
currents. A) Ventricular action potential can be divided into phases 0-4. During phase 4, the 
resting membrane potential is about -90 mV. Due to electrical stimulation, phase 4 is 
disrupted by phase 0, which marks the beginning of the action potential. The rapid influx of 
Na+ ions (INa) quickly depolarizes the cell during phase 0. Transient repolarization occurs 
during phase 1 due to inactivation of the Na+-channels and activation of fast transient 
outward K+ current (Ito,f). During phase 2, voltage-gated L-type Ca2+-channels (ICa,L) and 
delayed, outwardly rectifying K+-channels (IKr, IKs) open, generating electrical balance 
(plateau phase). The IKr and IKs currents steadily increase during phase 2, and as L-type 
Ca2+-channels close, the outward K+ currents repolarize the cell back to its resting 
membrane potential (phase 3). The resting membrane potential is maintained by the inward 
rectifying current (IK1). (Nerbonne and Kass, 2005.) B) Schematic showing the depolarizing 
and repolarizing ionic currents underlying cardiac action potential. The figure is modified 
from (Nerbonne and Kass, 2005). 

Ventricular cardiac action potential can be divided into 5 phases (phases 0-4). 

Phase 0, or the upstroke of the cardiac action potential, is rapid due to the fast 

activation of voltage-gated Na+-channels. Na+ ions flow into the cell down its 

electrochemical gradient, and as a result, the membrane potential shifts quickly from 

a negative value to a more positive value in a process called depolarization. As rapidly 

as Na+ current is activated, it is also inactivated, which occurs during phase 1. Phase 

1 represents a transient repolarization (the membrane potential shifts from a positive 

value to a more negative value) due to inactivation of Na+-channels and activation 
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of fast transient voltage-gated outward K+ current (Ito,f). Phase 2, or the plateau 

phase of cardiac action potential, is characterized by the activation of voltage-gated 

Ca2+-current (ICa,L) and delayed, outwardly rectifying K+-currents (IKr, IKs) due to 

potential depolarization initiated by the Na+ current. Ca2+ flows into the cell down 

its electrochemical gradient, whereas K+ fluxes in the opposite direction. Together, 

this electrically balanced situation will result in the maintenance of a depolarized state 

for several hundred milliseconds (plateau phase). The influx of Ca2+ ions is the main 

trigger for excitation-contraction coupling. During phase 3, Ca2+ channels inactivate, 

but outward rapid and slow delayed rectifier K+ channels remain open, resulting in 

repolarization of the cell, which will bring the membrane voltage back to the resting 

potential of -90 mV. The cardiac action potential ends as the membrane potential 

returns to the resting potential, which is referred to as phase 4. During phase 4, Na+ 

and Ca2+ channels remain closed and the resting membrane potential is maintained 

due to inward rectifying potassium current (IK1). Intracellular Na+ and Ca2+ ions are 

pumped out of the cell by Na+/K+-ATPase and sodium-calcium exchanger (NCX), 

respectively. (Boyett, 1986; Nerbonne and Kass, 2005; Veerman et al., 2015.) 

In recent years, the electrophysiology of hiPSC-derived cardiomyocytes has been 

assessed comprehensively. The widely established consensus is that, based on their 

electrophysiological properties, hiPSC-derived cardiomyocytes are relatively 

immature compared to human adult cardiomyocytes, and cardiomyocytes 

differentiated from hiPSCs form heterogeneous populations consisting of nodal-, 

atrial- and ventricular-like cardiomyocytes (Hartman et al., 2016; Karakikes et al., 

2015; Veerman et al., 2015). To select a specific action potential phenotype (i.e., 

nodal-, atrial-, or ventricular-like cardiomyocytes), specific criteria have been 

established based on qualitative or quantitative combinations of action potential 

parameters, such as maximum diastolic potential (MDP), maximum upstroke 

velocity (Vmax), action potential duration (APD), action potential amplitude (APA), 

beating rate, and phase 4 diastolic depolarization rate (DDR) (Hartman et al., 2016; 

Karakikes et al., 2015; Van Den Heuvel et al., 2014). 

Directly comparing hiPSC-derived cardiomyocytes and their native counterparts 

is rather challenging due to experimental discrepancies, tissue heterogeneity and 

disease status. That being said, in general, the major ion currents (e.g., INa, ICa,L, Ito1, 

IKr, and IKs) responsible for generating cardiac action potential are similarly present 

in hiPSC-derived ventricular-like and adult cardiomyocytes, with a few discrepancies. 

First, spontaneous beating in hiPSC-derived ventricular-like cardiomyocytes is due 

to the presence of hyperpolarization-activated If (also known as funny current), 

which is not found in native human ventricular cardiomyocytes. Second, IK1 current 
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density is either remarkably low or absent in hiPSC-derived ventricular-like 

cardiomyocytes compared to adult ventricular cardiomyocytes. Moreover, to date, 

the functional properties of additional currents such as ATP-sensitive K+ current 

and Na+-Ca2+ exchange current have not been reported in hiPSC-derived 

ventricular-like cardiomyocytes. (Karakikes et al., 2015.) The action potential 

characteristics of hiPSC-derived ventricular-like cardiomyocytes resemble immature 

cardiomyocytes more than human adult ventricular-like cardiomyocytes. Specifically, 

hiPSC-derived ventricular-like cardiomyocytes show relatively positive MDP, 

possibly due to diminished or absent IK1 expression, as well as slower Vmax due to 

the more depolarized state of the cell, which results in reduced Na+ availability 

(Hartman et al., 2016; Karakikes et al., 2015; Van Den Heuvel et al., 2014; Veerman 

et al., 2015). However, modelling experiments based on a dynamic patch clamp 

technique have suggested that the synthetic expression of IK1 results in the 

conversion of an immature phenotype to a more mature phenotype that better 

resembles native ventricular cardiomyocytes (Bett et al., 2013; Van Putten et al., 

2015). Conversely, the main repolarizing currents (IKr and IKs) in hiPSC-derived 

ventricular-like cardiomyocytes are found at equivalent current densities and have 

similar activation properties to those of adult cardiomyocytes (Hartman et al., 2016; 

Karakikes et al., 2015; Veerman et al., 2015). 

2.3.2 Multielectrode array and analysis of field potential data  

Multielectrode arrays (MEAs) represent a platform in which the electrical activity of 

cells, including cardiomyocytes, can be studied in a non-invasive manner. In MEAs, 

excitable cells (e.g., cardiomyocyte clusters) are plated in a culture well on top of 

electrodes, which record extracellular field potentials from the cells (Figure 4). The 

electrical activity of single cardiomyocytes has not yet been recorded on MEAs due 

to the low signal-to-noise ratio (SNR) compared to patch clamp techniques. 

Moreover, MEAs are solely based on extracellular recordings, whereas patch 

clamping generally uses intracellular recordings. The cardiomyocyte field potential 

signal obtained has three major components, similar to cardiac action potential: a 

depolarizing Na+-peak, a plateau-phase Ca2+-wave and a repolarizing K+-wave 

(Meyer et al., 2004). Moreover, field potential signals from cardiomyocyte clusters 

correspond to the ventricular depolarization and repolarization events that are seen 

on ECG and are similar to ventricular cardiac action potential (Figure 5). The most 

important field potential parameters obtained from MEA are the peak-to-peak 
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interval, from which the beating rate can be calculated, and the field potential 

duration (FPD). The FPD can be measured as the time between the depolarizing 

Na+-peak and the peak of the repolarizing K+-current (Tmax) or the end of the 

repolarizing K+-current, i.e., when the signal returns to the baseline. Simultaneous 

intracellular patch clamp and extracellular MEA recordings have revealed that 

correlations exist between several parameters, such as APD and FPD (Halbach et 

al., 2003). Similarly to APD, FPD correlates with QT-interval on ECG (Guo et al., 

2011b; Harris et al., 2013). Thus, the changes in the FPD also reflect to the changes 

in QT-interval.  

 

 

Figure 4.  The 6-well MEA culture plate and a magnification of an electrode area containing 
spontaneously beating cardiomyocyte cluster. The cardiomyocyte clusters are plated on top 
of the electrodes in the MEA culture plate from which the electrical activity cardiomyocytes 
can be recorded. 

There are several advantages associated with the MEA platform. First, it is 

relatively easy to use compared to patch clamping, which requires a high level of 

technical skill. In addition, MEAs have a higher throughput rate than patch clamping. 

Moreover, unlike patch clamping, MEAs enable cellular networks to be studied as 

opposed to single cells. This enables investigation of the spatial distributions of 

cardiac excitation patterns and facilitates the measurement of conduction velocities 

(Kehat et al., 2001). In addition, because cells can be cultured continuously in MEAs, 

this method allows response measurements to be taken at different time points, 

providing insights into acute, subacute or chronic drug responses. However, MEAs 

also have several disadvantages, which are primarily related to the inability to record 

field potential signals from single cardiomyocytes. Furthermore, with MEA, it is not 

possible to measure ionic currents from individual ion channels. As such, MEA can 
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only complement current methods for studying electrical activity in cells and does 

not replace them.   

MEA recordings produce enormous amounts of data, which is traditionally 

analysed manually. Manual analysis creates a bottleneck for higher-throughput 

studies because it is labour-intensive, slow and sometimes unreliable due to low-

quality signals. The low signal quality may result from coatings used for plating 

cardiomyocyte clusters on MEAs, MEA electrode material and size, or cell 

preparation techniques (monolayer or cluster). Usually, the highest quality signal 

(high SNR) is achieved when the beating locus of a cardiomyocyte cluster is right 

next to the recording electrode. However, cardiomyocyte cluster orientation cannot 

be precisely controlled when plating onto MEAs, leading to variations in signal 

quality and shape. Overall, improving the field potential’s SNR may also improve 

the reliability of data analysis. 

Commercial software for data analysis has been developed, but most programs 

suffer drawbacks (e.g., the requirement of specialized recording software). One of 

the most used commercially available data analysis software packages is pCLAMP 

10, which was originally designed for patch clamp studies. This software is easy to 

use and can also be utilized to analyse MEA data, although this approach is very 

labour-intensive and sometimes unreliable. With the software, data analysis is 

performed by manually selecting individual field potentials from the whole recording 

trace. Thus, to analyse signals accurately and to decrease variation, many field 

potentials would need to be analysed from an individual recording, which creates a 

bottleneck for studies requiring large datasets. Sometimes, due to low SNR in a 

recording trace, it may be very difficult to determine the endpoint of FPD, thus 

impeding reliable data analysis when determining the FPD of a signal. pCLAMP 10 

software also does not directly provide beat rate or beat rate-corrected FPD 

parameters, which therefore need to be calculated manually. Moreover, the software 

lacks the capacity to overlap field potential signals, which is especially useful when 

determining changes in FPD due to, e.g., QT-interval-prolonging drugs. In addition 

to pCLAMP 10, MATLAB-based (Mathworks, Inc.) programs and custom-made 

toolboxes have also been developed (Bussek et al., 2009; Georgiadis et al., 2015; 

Germanguz et al., 2011; Halbach et al., 2006; Hannes et al., 2008; Liang et al., 2010; 

Zwi et al., 2009). However, most of these programs require MATLAB to run or are 

not available as open-source. Thus, there exists a need for efficient, reliable, easy to 

use and open-source MEA data analysis software for studies of cardiomyocytes.  
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Figure 5.  Electrical activity patterns in the human heart, single cardiomyocytes and cardiomyocyte 
clusters. A) Electrocardiogram of the human heart. The P and QRS waves represent atrial 
and ventricular depolarization, respectively. The T wave represents ventricular 
repolarization. The QT-interval represents the time required for depolarization and 
repolarization of the ventricles. B) Action potential in a single ventricular cardiomyocyte. 
Action potential duration (APD) corresponds to QT-interval. C) Field potential signal of a 
cardiomyocyte cluster measured by multielectrode array (MEA). Field potential duration 
(FPD) corresponds to QT-interval. The figure was composed using images from Servier 
Medical Art image bank and a modified image from (Nerbonne and Kass, 2005).  
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2.4 Pharmacological responses of human induced pluripotent 
stem cell-derived cardiomyocytes 

Drug-induced QT-interval prolongation and arrhythmia are major concerns for 

regulatory authorities and pharmaceutical companies developing new drugs. 

Arrhythmogenic liability is currently assessed based on the S7B guideline, which 

requires myriad in vitro and in vivo preclinical assays set by the International Council 

for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use 

(Gintant et al., 2016). Recently, a revision to the S7B guideline has been proposed in 

which the evaluation of QT-interval prolongation would be shifted to proarrhythmic 

activity assessment using a comprehensive in vitro proarrhythmia assay (Cavero and 

Holzgrefe, 2014; Sager et al., 2014). hPSC-derived cardiomyocytes would have a 

critical role in the revised guideline.  

Recently, MEAs have been widely used to assess pharmacological responses in 

healthy or diseased (e.g., long QT syndrome) hiPSC-derived cardiomyocytes. Below, 

the pharmacological responses of healthy hiPSC-derived cardiomyocytes are 

discussed. A wide variety of drugs, including different anti-arrhythmic drugs and 

other non-cardiac drugs, have been tested in healthy hiPSC-derived cardiomyocytes 

using MEAs (Table 2). Most early drug-testing studies using hiPSC-derived 

cardiomyocytes have used one or two concentrations of a drug that exceed clinically 

relevant doses (Rajamohan et al., 2013). Recently, such drug testing approaches have 

moved toward using more physiologically and clinically relevant doses. In addition, 

some studies have compared MEA-acquired parameters (e.g., field potential 

amplitude, BR, and FPD) obtained using clinically relevant doses to existing 

traditional preclinical assays, either in vitro or in vivo, for validation purposes (Gilchrist 

et al., 2015; Harris et al., 2013; Kitaguchi et al., 2016; Mehta et al., 2013; Navarrete 

et al., 2013; Nozaki et al., 2016). One such study compared electrophysiological data 

from healthy hiPSC-derived cardiomyocytes using MEAs to preclinical in vitro safety 

assay data obtained from rabbit ventricular wedges using eight reference compounds 

(Harris et al., 2013). Harris and colleagues found that the MEA assay identified the 

same pharmacological responses with at least the same sensitivity as the rabbit 

ventricular wedges; furthermore, with certain drugs (Verapamil, Flecainide, 

Terfenadine), MEA was more sensitive and a better predictor of an effect than rabbit 

ventricular wedges (the fold differences in concentrations that produced significant 

changes were 3- to 10-fold in favour of MEA between the two assays). Thus, hiPSC-

derived cardiomyocytes could act as a reliable surrogate to rabbit ventricular wedges 

for early cardiac safety screening.  
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Table 2.  Drugs tested on hiPSC-derived cardiomyocytes using MEAs. The data presented were 
collected from a review article (Rajamohan et al., 2013) and from original articles (Gilchrist 
et al., 2015; Harris et al., 2013; Kitaguchi et al., 2016; Mehta et al., 2011; Mehta et al., 2013; 
Navarrete et al., 2013). Reproduced with permission (Rajamohan et al., 2013).  

Drug Mode of action Concentration range Effect 

Flecainide Na+ channel blocker 0.001–10 µM ↑ cFPD,  ↓ FPmin , ↓ CV 

Mexiletine Na+ channel blocker 0.1–30 µM No effect on BR, ↓ 

FPmin 

Lidocaine Na+ channel blocker 100–1000 µM ↓ FPmin, ↓ CV 

Tetrodotoxin Na+ channel blocker 1–10 µM ↓ FPmin, ↓ CV 

Propranolol β-adrenoreceptor 

antagonist 

0.001–10 µM No effect on BR, cFPD 

or FPmin 

Amiodarone K+ channel blocker 1–100 µM ↓ BR, ↑ cFPD, ↓ FPmin 

Sotalol  IKr blocker 0.1–1000µM ↓ BR , ↑ cFPD 

E-4031 IKr blocker 0.3–1000 nM ↑ cFPD 

Chromanol 293B IKs blocker 3–100 µM ↑ cFPD 

Quinidine Multiple ion channel 

blocker (INa, ICa, IKr, …)  

0.1–100 µM  ↑ cFPD, ↓ FPmin 

Nifedipine ICa,L blocker 0.001–3 µM ↑ BR, ↓ cFPD, ↓ FPmin 

Verapamil Multiple ion channel 

blocker (IKr, ICa) 

0.01–10 µM ↓ BR, ↓ cFPD, ↓ FPmin 

Alfuzosin α-adrenoreceptor 

blocker 

0.001–10 µM ↑ cFPD 

Cisapride Serotonin 5HT agonist, 

IKr blocker 

3–1000 nM ↑ cFPD , ↓ FPmin 

Isoprenaline β1/β2-adrenoceptor 

agonist 

0.01–10 µM ↑ BR, ↓ FPD 

Carbamylcholine Muscarinic receptor 

agonist 

0.1–100 µM ↓ BR, ↑ FPD, ↑ FPmin 

Digoxin Na+/K+-ATPase inhibitor 0.3–10 µM ↓ FPmin, ↓ cFPD 

Terfenadine Multiple ion channel 

blocker (INa, IKr, ICa) 

3 nM –10 µM ↑ cFPD at nanomolar 

concentrations, ↓ cFPD 

at micromolar 

concentrations, ↓ FPmin  

BR: beating rate, CV: conduction velocity, cFPD: corrected field potential duration, FPD: field 
potential duration, FPmin: amplitude of the depolarizing Na+ peak of field potential 
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A recent study developed a uniform assay using seven reference compounds. In 

this study, the testing procedures (e.g., the cell lines, assay devices, facilities and 

testing protocols used) were normalized among 10 evaluation facilities to accurately 

predict QT-interval prolongation and arrhythmogenic potential in hiPSC-derived 

cardiomyocytes relative to existing in vitro, in vivo and ex vivo assays (Kitaguchi et al., 

2016). The seven reference compounds included various specific INa, ICa,L, IKr, and 

IKs blockers as well as multichannel blocking agents. Using an MEA assay with 

healthy hiPSC-derived cardiomyocytes, the same effects were identified (e.g., APD 

prolongation, QT-interval prolongation and TdP) with at least the same sensitivity 

(concentrations that produced 10 % of prolongation in APD or QT-interval) as seen 

with the guinea pig papillary muscles (APD prolongation), dog ECG (QT-interval 

prolongation), monkey ECG (QT-interval prolongation) and human ECG (QT-

interval prolongation or TdP). Furthermore, in most cases, these results were 

obtained with concentrations less than those reported for the aforementioned 

preclinical assays and used in human plasma/serum. Thus, hiPSC-derived 

cardiomyocytes appear to support analyses of the clinical outcomes of these 

compounds. Overall, these results indicate that performing MEA with hiPSC-

derived cardiomyocytes can accurately predict QT-interval prolongation and 

arrhythmogenic potential in humans (Kitaguchi et al., 2016). These results are 

promising, and in the future, the MEA platform could be become a component in a 

novel comprehensive in vitro proarrhythmia assay. 

Overall, the pharmacological responses of hiPSC-derived cardiomyocytes to 

known compounds with ion channel-blocking properties appear to reflect preclinical 

safety assays as well as clinical observations, although differentiated cardiomyocyte 

populations are usually heterogeneous pools of atrial-, ventricular-, and nodal-like 

cells (Gilchrist et al., 2015; Harris et al., 2013; Kitaguchi et al., 2016; Mehta et al., 

2013; Navarrete et al., 2013). However, refining cardiac differentiation methods to 

yield more cardiomyocyte subtypes (atrial, ventricular or nodal cells) may lead to 

more accurate and consistent results when assessing the pharmacological responses 

of cells. Furthermore, if specific cardiomyocyte types could be made readily available, 

it might be possible to selectively evaluate the effects of novel compounds targeting 

specific cardiomyocyte subtypes found in the heart. One recent study noted the lack 

of humanized preclinical screening platforms for evaluating the selectivity of 

compounds for atrial fibrillation, which carries a risk of life-threatening 

complications (Devalla et al., 2015). In the referenced study, atrial-like 

cardiomyocytes were generated from hESCs and were shown to elicit a response to 

atrial-selective drugs that was comparable to that observed in native human 
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cardiomyocytes. This further demonstrates the enormous potential of hPSCs-

derived cardiomyocytes as preclinical screening models.  

2.5 Long QT syndrome 

 

LQTS presents as either a congenital monogenic disease or as an acquired disease 

and is characterized by a prolonged QT-interval on ECG and by the occurrence of 

syncopal episodes. LQTS is mostly inherited in an autosomal dominant pattern 

(Romano-Ward syndrome) or in very rare cases in an autosomal recessive pattern 

(Jervell and Lange-Nielsen syndrome, JLNS), with the latter having a more severe 

phenotype (Jervell and Lange-Nielsen, 1957; Romano et al., 1963; Ward, 1964). To 

date, 16 cardiac ion channel-encoding genes have been identified as either 

responsible for or associated with LQTS. The subtypes of LQTS are classified 

depending on what gene is mutated. The most common subtypes are LQT1–3, 

which together account for approximately 90 % of genotype-positive LQTS-cases. 

The subtype LQT1 is caused by mutation in the KCNQ1 genes, the subtype LQT2 

is caused by mutation in the KCNH2 (or hERG) gene, and the subtype LQT3 is 

caused by mutation in the sodium voltage-gated channel alpha subunit 5 (SCN5A) 

gene. (Schwartz et al., 2013.) 

One of two cardinal manifestations of LQTS is electrocardiographic abnormality, 

including prolonged QT-interval (Crotti et al., 2008). The second manifestation of 

LQTS is the occurrence of TdPs, which are discussed later. On ECG, the QT-

interval represents ventricular depolarization and repolarization and is measured 

from the beginning of the Q wave of the QRS complex to the end of the repolarizing 

T wave. Heartbeat rate affects the QT-interval in an inverse manner and thus should 

be corrected to achieve accurate comparisons between individuals (Kaye et al., 2013). 

Several QT-interval-correction algorithms have been developed, with the most 

common being Bazett’s (QTc = QT/√RR) and Fridericia’s (QTc = QT/³√RR) 

formulae. Bazett’s formula is considered the golden standard, although it is widely 

known that it overestimates QT-interval at fast heart rates and underestimates it at 

slow heart rates (Kallergis et al., 2012; Kaye et al., 2013). The corrected QT-interval 

(QTc) is dependent on gender and is considered normal below 440 ms (males) or 

450 ms (females). The threshold for long QT is considered to be over 460 ms (males) 

or 470 ms (females). Borderline cases fall between the normal and long QT; in males 

being 440–460 ms and in females being 450–470 ms. (Kaye et al., 2013.) 



43 

The second cardinal manifestation of LQTS includes the occurrence of syncopal 

episodes due to polymorphic ventricular tachycardia known as TdP. With LQTS 

patients, TdP usually occurs mainly in conditions of either physical or emotional 

stress, and while it is often self-limiting and stops after few seconds, producing a 

transient syncope, it can also cause cardiac arrest or sudden death. It is still unknown 

why TdP stops in certain patients, whereas in others it continues with life-threatening 

consequences. In a minority of LQTS cases, TdP could also occur at rest. These 

differences in the conditions under which TdP may occur result from the different 

subtypes of LQTS. During physical stress, patients with LQT1 typically develop 

symptoms, whereas for patients with LQT2, emotional stress is the main trigger for 

symptoms. In contrast, patients with LQT3 develop symptoms during sleep or at 

rest. (Crotti et al., 2008.) LQTS primarily affects young individuals and is one of the 

leading causes of sudden cardiac death this population. Patients with untreated 

symptomatic LQTS have a very high mortality rate (21 %) within one year from the 

first episode of syncope. However, when treated, patients with LQTS have a 

mortality rate of approximately 1 % over a 15-year follow-up period. (Schwartz et 

al., 2013.) 

2.5.1 Subtypes of long QT syndrome 
 

LQT1 represents the most common subtype (40–55 %) of LQTS. LQT1 is a 

result of mutations in the KCNQ1 gene, which encodes the α-subunit of the 

repolarizing K+ channel protein Kv7.1. The α-subunits encoded by KCNQ1 and the 

auxiliary β-subunits encoded by potassium voltage-gated channel subfamily E 

regulatory subunit 1 co-assemble to form a slow delayed rectifying IKs current 

(Barhanin et al., 1996; Sanguinetti et al., 1996; Wang et al., 1996). The IKs current is 

physiologically increased by sympathetic activation, which is essential for QT-

interval adaptation during fast heart rates. Mutation of the KCNQ1 gene leads to 

diminished IKs current or a dysfunctional channel, thus QT-interval adaptation may 

fail to shorten appropriately during tachycardia, eventually leading to a potential 

arrhythmogenic condition. (Schwartz et al., 2013.) Known triggers for TdP in LQT1 

are emotional stress or physical exercise, during which the heart rate increases due 

to sympathetic activation. Specifically, diving and swimming have been recognized 

as LQT1-specific triggers for TdP (Roden, 2008). The genotype-phenotype 

correlation in LQT1 is well known, as discussed above. It has also been 

demonstrated that a correlation exists between disease-causing mutations and 
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phenotype, with mutations located in the C-terminal region producing less severe 

clinical phenotypes (Donger et al., 1997; Piippo et al., 2001; Schwartz et al., 2012). 

These studies are important because they revealed that not all mutations on the same 

gene produce similar clinical phenotypes and that complexity exists in genotype-

phenotype correlation. 

LQT2 represents the second most common subtype (30–45 %) of LQTS and is 

caused by mutations in the KCNH2 (or hERG) gene, which encodes the α-subunit 

of the repolarizing K+ channel protein Kv11.1 responsible for the generation of 

rapid delayed rectifying IKr current (Sanguinetti et al., 1995). It was later found that 

the Kv11.1 protein assembles with an additional β-subunit encoded by KCNE2 to 

form the more native cardiac IKr current (Abbott et al., 1999). Most commonly, 

mutations in KCNH2 impair trafficking of the Kv11.1 channel protein to the plasma 

membrane. Together, IKr and IKs represent the major determinants of phase 3 

repolarization in cardiac action potential. Patients with LQT2 are at no special risk 

during physical exercise, probably due to their normal IKs levels (Schwartz et al., 

2013). However, these patients are notably sensitive to sudden auditory stimuli, such 

as alarm clocks or telephone ringing, while at rest or asleep (Wilde et al., 1999). 

LQT3 is the third most common subtype (5–10 %) and is caused by mutations 

in the SCN5A gene, which encodes the α-subunit of the cardiac sodium channel that 

is responsible for generating the depolarizing inward sodium current INa. In LQT3, 

the inward INa current is increased and persists abnormally during the plateau phase 

of cardiac action potential, thus prolonging the QT-interval. Similar to LQT2, the 

arrhythmia triggered in patients with LQT3 occurs while at rest or while asleep. 

(Schwartz et al., 2013.) 

2.5.2 Prevalence, diagnosis and treatment of long QT syndrome  

The clinical prevalence of LQTS has previously been thought to be anywhere 

between 1:5000 and 1:20,000. Surprisingly, these estimates have not been based on 

actual data (Crotti et al., 2008). The first data-based indication of the prevalence of 

LQTS came from a prospective neonatal ECG study combined with a molecular 

screening. The outcome of this study was that the prevalence of mutation-confirmed 

congenital LQTS with long QT-interval (>460–470 ms) is close to 1:2500 (Schwartz 

et al., 2009). However, it is known that gene mutations in patients with LQTS may 

exhibit incomplete penetrance, with some mutation carriers having a normal QT-

interval but still being at risk for TdP (i.e., asymptomatic mutation carriers), whereas 
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other members of the same family are affected by the disease and show symptoms 

(Priori et al., 1999). Additionally, if a baseline ECG is normal, it is not known 

whether prolongation in QT-interval would appear during a normal day or in a 

special situation. Infants with a QTc > 450 ms are considered borderline cases and 

were not molecularly screened in a study by Schwartz et al. (2009). Based on the 

number of borderline cases (QTc 451–470 ms) who were not molecularly screened, 

the current hypothesis is that the prevalence of LQTS might be close to 1:2000 

(Schwartz et al., 2009). 

Based on the Schwartz diagnostic criteria, the diagnosis of LQTS is mostly based 

on ECG findings, which include the prolongation of QT-interval (≥ 480 ms), the 

emergence of TdP, alterations in T-wave morphology and beat-to-beat alternations 

in T-wave polarity or amplitude. However, borderline cases are more complex and 

require multiple variables, such as clinical history and family history, in addition to 

electrocardiographic findings. These data comprise the Schwartz diagnostic criteria, 

which are considered the best criteria for helping clinicians in determining the 

probability of LQTS. Obviously, these criteria cannot identify asymptomatic 

mutation carriers who have a normal QT-interval and no clinical or familial history 

related to LQTS. Molecular diagnostics should be attempted in families or 

individuals who have been either diagnosed with LQTS or are under suspicion on 

sound clinical grounds. Molecular diagnosis conclusively establishes disease state in 

clinically borderline cases and especially in asymptomatic mutation carriers. (Crotti 

et al., 2008; Schwartz et al., 2012.) 

Currently, there is no cure for LQTS. The goal in treating LQTS is to prevent 

life-threatening arrhythmia by helping a patient make e.g. lifestyle changes 

(dependent on LQT subtype, this involves avoidance of situations that may trigger 

TdP, such as competitive sports, swimming, or sudden emotional stress when 

waking up due to alarm clocks/telephones), avoiding QT-interval prolonging drugs 

and preventing hypokalaemia. The medicines used to treat LQTS include β-

adrenergic blockade agents, which represent the first-choice treatment for 

symptomatic LQTS unless specific contraindications are present. Responses to β-

blocker therapy are in part subtype-specific, with patients with LQT1 benefitting the 

most. β-blockers are also effective for male patients with LQT2, but female patients 

with LQT2 are less fully protected. Studies have also shown that patients with LQT3 

benefit from β-blocker therapy. Not all β-blockers are equally effective; the two most 

effective are propranolol and nadolol. Notably, β-blocker therapy should also be 

initiated in asymptomatic LQTS patients because 10–12 % of LQTS cases show a 

first clinical manifestation of sudden death. Another treatment option for very high-
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risk patients is left cardiac sympathetic denervation. One study showed that, in very 

high-risk patients (99 % symptomatic, QTc 563±65 ms, previous cardiac arrest in 48 

% and continued syncope despite full dose β-blockers in 75 %), left cardiac 

sympathetic denervation was able to reduce cardiac events by 91 % during a mean 

follow-up of 8 years. The third option would be to implant a cardioverter 

defibrillator. However, such implantation should only occur in appropriate situations 

(always after cardiac arrest or whenever syncope recurs despite β-blockers and left 

cardiac sympathetic denervation), as the recurrent electrical shocks caused by the 

implant has led to suicidal attempts in teenagers. (Crotti et al., 2008; Schwartz et al., 

2012.) 

2.5.3 Acquired long QT syndrome 
 

Acquired LQTS is most often due to IKr-blocking drugs prolonging the QT-

interval, hypokalaemia or hypomagnesaemia, among other factors, which may 

ultimately lead to TdP and sudden death (Roden, 1998). There are at least 40 

clinically used drugs that are known to prolong QT-interval and potentially induce 

TdP. In comparison, approximately 180 clinically used drugs must be avoided among 

patients with congenital LQTS. The drugs that prolong QT-interval and induce TdP 

include antiarrhythmic drugs, cardiac drugs, antipsychotics, antidepressants, 

antibacterials, antifungals, antimalarials, antivirals, opiates, antimigraine agents, 

antiemetics, antiepileptics, acetylcholinesterase inhibitors, anti-cancer agents, 

anaesthetic agents, muscle relaxants, diuretics and other drugs that can cause 

hypokalaemia (Kaye et al., 2013). Most of these drugs work by blocking the IKr 

channel. However, the chain of events leading from IKr blockade and QT-interval 

prolongation to TdP remains very poorly understood. In contrast to congenital 

LQTS, acquired LQTS usually results from IKr blockade. However, the generation 

of TdP is variable and may not be seen in all high-risk patients with the most severe 

QT-interval prolongation, suggesting that modulatory mechanisms that reduce the 

risk of TdP might exist (Roden, 2008). To explain this variable risk, a unifying 

concept known as “reduced repolarization reserve” has been hypothesized to explain 

the corresponding risk (Roden, 1998). The concept of reduced repolarization reserve 

lies in the redundancy of the complex repolarization system. A loss of one 

component (such as IKr) will not lead to QT-interval prolongation (the system 

displays some reserve) unless other components of the repolarization system are 

affected (e.g., reduced IKs or enhanced INa) (Roden, 2004; Roden, 2008). Increasing 
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evidence suggests that certain factors, such as female sex, hormonal imbalance, 

hypokalaemia, bradycardia or polymorphisms or mutations in genes regulating 

cardiac ion channel expression and ventricular repolarization, are risk factors for 

drug-induced TdP that reduce repolarization reserve. Approximately 10–15 % of the 

population possesses subclinical genetic polymorphisms or mutations in LQTS 

genes that predispose individuals to QT-interval prolongation (Kaye et al., 2013). 

Therefore, exposure to a QT-interval-prolonging drug and/or to an electrolyte 

disturbance (e.g., hypokalaemia) is more likely to cause exaggerated QT-interval 

prolongation in a susceptible patient than in a non-susceptible one (Roden, 2004). 

Thus, not all people may necessarily develop TdP due to QT-interval-prolonging 

drugs, but those that possess reduced repolarization reserve due for the reasons 

mentioned above are at higher risk. The principle of repolarization reserve has been 

experimentally demonstrated in animal studies (Varro et al., 2000) as well as in hPSC-

derived cardiomyocytes (Braam et al., 2013).  

2.5.4 Finnish founder long QT syndrome mutations 

Throughout history, the Finnish population has expanded in remarkable isolation 

resulting from geographical, linguistic and religious factors (Peltonen, 1997). 

Furthermore, internal sub-isolates have been formed within the population due to 

the slow inhabitation process that has occurred in Finland. Thus, the Finnish 

population represents a genetic isolate, which has allowed the founder effect to 

mould the gene pool (Peltonen et al., 1999). Regarding LQTS, apparent founder 

mutations have been found in the KCNQ1 and KCNH2 genes (Piippo et al., 2000; 

Piippo et al., 2001). In Finland, four founder mutations in KCNQ1 and KCNH2 

constitute up to approximately 70 % of the known spectrum of LQTS mutations 

(Fodstad et al., 2004). The prevalence of these founder mutations in the Finnish 

population is 0.4 % (1:250), which is the highest documented prevalence of LQTS 

(Marjamaa et al., 2009). The founder mutations in KCNQ1 include one missense 

mutation (G589D) and one splice site mutation (IVS7-2A>G), whereas the founder 

mutations in KCNH2 are both missense mutations (L552S and R176W) (Fodstad et 

al., 2004; Laitinen et al., 2000; Piippo et al., 2000; Piippo et al., 2001).  
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2.5.5 Modelling long QT syndrome type 1 with human induced pluripotent 
stem cell-derived cardiomyocytes 

Modelling LQTS with hiPSCs provides unique possibilities compared to previous 

methods that have relied on heterologous expression systems and animal models. 

Human iPS cell-derived LQT cardiomyocytes possess the characteristics of native 

cardiomyocytes and express ion channels that are responsible for generating cardiac 

action potential. Previous models based on non-cardiac cells have relied on the 

transfection of a mutated gene of interest into various cell lines (Davis et al., 2011);  

however, this methodology does not provide an accurate representation of the 

distinct and complex electrophysiological properties that are inherent in native 

cardiomyocytes. Furthermore, the use of experimental animals (e.g., mice) in 

modelling LQTS does not adequately reflect human physiology, and the results from 

such experiments correlate poorly with those from human studies (Savla et al., 2014).   

Human iPS cell technology has been employed to model numerous diseases in 

recent years. Specifically, hiPSC-derived disease models have been generated for 

LQT1–3 (Bellin et al., 2013; Egashira et al., 2012; Itzhaki et al., 2011; Kiviaho et al., 

2015; Lahti et al., 2012; Ma et al., 2013; Ma et al., 2015; Matsa et al., 2011; Moretti et 

al., 2010; Terrenoire et al., 2013). LQT1 disease models are discussed in further detail 

below.  

The first hiPSC-derived disease model for LQTS focused on the LQT1 subtype 

(Moretti et al., 2010). Moretti and colleagues showed that LQT1 cardiomyocytes 

carrying the R190Q missense mutation exhibited trafficking defects, prolonged 

APD, a reduction in IKs current of approximately 75 % and altered activation and 

deactivation kinetics for IKs compared to control cells. Furthermore, it was shown 

that LQT1 cardiomyocytes are defective in responding to adrenergic challenge, 

which is in line with clinical observations. Upon adrenergic challenge, approximately 

70 % of the tested cardiomyocytes exhibited early afterdepolarizations (EADs), 

which is a triggering factor for TdP (Habbab and El-Sherie, 1990). Pre-treatment 

with propranolol significantly protected the LQT1 cardiomyocytes from 

catecholamine-induced tachyarrhythmia (Moretti et al., 2010). 

Another group studied a heterozygous mutation (1893delC) in KCNQ1 (Egashira 

et al., 2012). They showed that cFPDs measured with MEA were significantly longer 

in LQT1 cardiomyocytes than in wild-type (WT) controls. Drug tests with IKr and 

IKs blockers showed that IKr blockers induced significantly more EADs in LQT1 

cardiomyocytes than in control cells and that LQT1 cardiomyocytes were insensitive 

to IKs blockers compared to controls. Furthermore, similarly to results obtained by 
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Moretti et al., adrenergic challenge induced EADs in LQT1 cardiomyocytes, and 

these were attenuated by treatment with propranolol. Finally, mutated KCNQ1 

protein was found to accumulate at the perinuclear cytoplasm and nucleus, indicating 

a trafficking deficiency. (Egashira et al., 2012.) 

Ma and colleagues studied a heterozygous deletion of exon 7 in KCNQ1, which 

was found to decrease KCNQ1 transcription and subsequently reduce its protein 

levels (Ma et al., 2015). The perinuclear localization of the mutant KCNQ1 protein 

indicated a trafficking defect. Electrophysiologically, LQT1 cardiomyocytes 

demonstrated reduced IKs current, decreased activation of IKs and prolonged APD 

compared to controls. ML277, a selective activator of IKs, reversed the 

electrophysiological phenotype of the LQT1 cardiomyocytes by increasing the 

amplitude and enhancing the activation of IKs and partially restoring the APDs. (Ma 

et al., 2015.) 

Notably, Zhang and colleagues studied a very rare, but very severe condition 

known as Jervell and Lange-Nielsen syndrome (JLNS) using hiPSC-derived 

cardiomyocytes. JLNS is heritable in an autosomal recessive manner and results from 

homozygous or compound heterozygous mutations in the KCNQ1 gene (Zhang et 

al., 2014). Homozygous mutations in JLNS patients result in very severe clinical 

cardiac symptoms, including severe QT-interval prolongation, polymorphic 

ventricular arrhythmias and a high risk for sudden death (Jervell and Lange-Nielsen, 

1957; Schwartz et al., 2006). Two different JLNS mutations were studied by Zhang 

et al.; both were single-nucleotide exchanges (478-2A>T and 1781G>A). 

Interestingly, the referenced study also included heterozygous LQT1 patient-derived 

cardiomyocytes (1781G>A), which showed prolonged FPD and APD compared to 

WT control cells. Using the modern gene transfer technique known as clustered 

regularly interspaced short palindromic repeat-associated protein 9 (CRISPR/Cas9), 

homozygous JLNS-hiPSCs (1781G>A) were generated from the heterozygous 

LQT1-hiPSCs. The JLNS-hiPSC-derived cardiomyocytes showed even more 

pronounced FPD and APD than the heterozygous LQT1-hiPSC-derived 

cardiomyocytes, indicating a more severe repolarization abnormality in JLNS than 

LQT1. The other mutation type (478-2A>T) also resulted in pronounced FPD and 

APD in JLNS-cardiomyocytes. Drug tests using JLNS-cardiomyocytes revealed 

sensitivities to β-adrenergic (noradrenaline) and proarrhythmic stress (cisapride). 

However, the β-blocker propranolol partially reversed the β-adrenergic stimulation-

induced APD prolongation, and an IKr activator shortened FPD and protected 

JLNS-cardiomyocytes from proarrhythmic stress. (Zhang et al., 2014.) 
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Our research group has investigated the electromechanical properties of hiPSC-

derived LQT1 cardiomyocytes carrying different KCNQ1 (G589D and ivs7-2A>G) 

mutations The referenced study revealed that APDs in LQT cardiomyocytes, 

independent of mutation type, were more prolonged than those in WT 

cardiomyocytes. Furthermore, only cardiomyocytes carrying the G589D mutation 

exhibited spontaneous EADs at baseline (Figure 6). The arrhythmic sensitivity of 

LQT1 cardiomyocytes to IKs and IKr blockers was determined. IKs blockers either 

marginally affected or did not at all affect ventricular-like LQT1 cardiomyocytes. In 

comparison, WT cardiomyocytes were significantly affected by IKs blockers, as 

demonstrated by APD prolongation. Collectively, these results indicate that IKs 

current is decreased in LQT1 cardiomyocytes based on the lack of effect of IKs 

blockade. When applying IKr blockers, it was found that all LQT1 cardiomyocytes, 

regardless of whether they harboured G589 or ivs7-2A>G mutations, exhibited 

EADs. In contrast, WT cardiomyocytes did not exhibit EADs under IKr blockade. 

These results suggest that LQT1 cardiomyocytes are more sensitive to IKr blockade 

than IKs blockade. Assessment of mechanical beating behaviour in LQT 

cardiomyocytes using novel video imaging-based analysis revealed interesting 

mutation-specific features: 71 % of cardiomyocytes carrying the G589D mutation 

exhibited prolonged contraction time, whereas approximately 90 % of 

cardiomyocytes carrying the ivs7-2A>G mutation exhibited incomplete and 

prolonged relaxation. In contrast, no abnormal beating behaviour was exhibited by 

WT cardiomyocytes. (Kiviaho et al., 2015.) 

Taken together, the studies discussed above suggest that the LQT1 (as well as 

JLNS) phenotype is accurately recapitulated in hiPSC-derived cardiomyocytes and 

that these cells could therefore serve as an important platform for studying disease 

pathology, patient risk stratification and drug effects.  
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Figure 6.  Patch clamp traces from control and LQT1 cardiomyocytes carrying the G589D or ivs7-
2A>G mutation. A) Baseline characteristics for ventricular-, atrial-, and nodal-like 
cardiomyocytes from each cell line are shown. LQT1 cardiomyocytes show prolonged action 
potential duration (APD) compared to control cardiomyocytes. B) At baseline, spontaneous 
early afterdepolarizations (EADs) were seen in LQT cardiomyocytes carrying the G589D 
mutation. The arrows mark the EADs (Kiviaho et al., 2015) The figure is modified from 
(Kiviaho et al., 2015).  
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3 Aims of the Study 

The main aims of the present dissertation were as follows: 

I To develop software to analyse MEA data generated from hiPSC-derived 

cardiomyocytes 

II To investigate how drugs known to affect cardiac action potential affect 

hiPSC-derived LQT cardiomyocytes 

III To investigate the effects of hypokalaemia on hiPSC-derived LQT 

cardiomyocytes 

 

 

 

Specifically, the aim of the first study (I) was to develop cardiomyocyte MEA data 

analysis software to facilitate the evaluation of the effects of drugs or environmental 

factors (e.g., hypokalaemia) on hiPSC-derived cardiomyocytes. The software was 

designed to improve the accuracy, throughput rate and reliability of MEA data 

analysis. The study was conducted in collaboration with experts at Tampere 

University of Technology.  

The aim of the second study (II) was to investigate how drugs known to affect 

cardiac action potential affect hiPSC-derived LQT cardiomyocyte clusters using 

MEAs. Drug responses in LQT cardiomyocytes were compared to WT 

cardiomyocytes. 

The aim of the third study (III) was to investigate the effects of hypokalaemia, a 

cause of electrolyte imbalance that is a common and potentially life-threatening 

condition and a well-known risk factor for LQTS, on hiPSC-derived LQT 

cardiomyocytes using both single cells and cardiomyocyte clusters. Patch clamping 

and MEA were used to assess cardiomyocyte responses to hypokalaemia. Alterations 

in repolarization time and arrhythmogenic potential under hypokalaemic conditions 

were assessed and compared between WT and LQT cardiomyocytes. 
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4 Materials and Methods 

4.1 Ethical approval  

BioMediTech has permission from the National Authority for Medicolegal Affairs 

to conduct research on hESCs (1426/32/300/05). Approval from the Ethics 

Committee of Pirkanmaa Hospital District was granted to establish, culture and 

differentiate hiPSC lines (R08070). Written informed consent was obtained from all 

the study participants who donated skin biopsies. 

4.2 Patient characteristics and human pluripotent stem cell lines 
(I-III) 

In the present dissertation, two symptomatic LQT1 patients, one asymptomatic 

LQT1-mutation carrier and one asymptomatic LQT2-mutation carrier, were 

investigated. 

The first patient is a 46-year-old female (QTc interval, 492 ms) who carries the 

ivs7-2A>G mutation in the KCNQ1 gene. This patient is symptomatic and has 

experienced dizziness, darkening of vision and episodes of unconsciousness. The 

patient is on β-blocker medication (bisoprolol). The human iPSC line 00118.LQT1 

(study III) was generated from this patient. 

The second patient is a 41-year-old female (QTc interval, 456 ms) who carries the 

G589D mutation in the KCNQ1 gene. This patient is also symptomatic and 

experienced seizures, episodes of unconsciousness and syncope before starting on 

β-blocker therapy (bisoprolol). Two hiPSC lines, 00208.LQT1 (study II and III) and 

00211.LQT1 (study II), were generated from this patient. 

The third patient is an asymptomatic 28-year-old female (QTc interval, 428 ms) 

who carries the G589D mutation in the KCNQ1 gene. This patient is also a sibling 

of the second patient and is also on β-blocker medication (bisoprolol). Two hiPSC 

lines, 00303.LQT1 (study II) and 00313.LQT1 (study II), were generated from this 

patient. 
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The fourth patient is an asymptomatic (except for occasional palpitations) 61-

year-old male (QTc interval, 437 ms) who carries the R176W mutation in the 

KCNH2 (or hERG) gene. Two hiPSC lines, 00514.LQT2 (study II) and 00525.LQT2 

(study II), were generated from this patient. This patient is not on β-blocker 

medication. 

Mutation analysis had been previously performed on all LQT-related hiPSC lines 

to verify that they all carry the correct mutations. Only the second patient (with 

LQT1) was screened for other LQTS-related gene mutations, with no positive 

results. The other LQT patients were not screened for additional LQTS-related 

mutations because their disease state has not deviated from what is expected.   

A control hiPSC line, 04602.WT (study I and III), was generated from a healthy 

55-year-old female (QTc interval, 406 ms). The control iPS cells had previously been 

verified to not carry any LQTS mutations. In addition, the following cell lines were 

used as controls in study II: H7 hESC, 00112.hFF and 01006.WT. 

4.3 Human pluripotent stem cell culture (I-III) 

Human pluripotent stem cells were cultured in knockout serum-replacement 

medium using mouse embryonic fibroblasts (Millipore, Billerica, MA) as feeders. The 

following components were included in the knockout serum-replacement medium: 

knockout-DMEM (Invitrogen) containing 20 % knockout-serum replacement 

(Invitrogen), 1% nonessential amino acids, 1 % Glutamax (Invitrogen), 

penicillin/streptomycin, 0.1 mM 2-mercaptoethanol and 4 ng/ml basic fibroblast 

growth factor (R&D Systems Inc., Minneapolis, MN, USA). Human pluripotent 

stem cells were passaged weekly using collagenase IV (Invitrogen) and plated onto a 

fresh mouse embryonic fibroblast feeder layer. The medium was refreshed three 

times a week.  

4.4 Cardiomyocyte differentiation (I-III) 

Human pluripotent stem cells were differentiated into cardiomyocytes in co-culture 

with END-2 cells, which were kindly donated by Prof. Christine Mummery from the 

Humbrecht Institute, Utrecht, The Netherlands. The END-2 cells were cultured as 

previously described (Mummery et al., 2003). To initiate cardiomyocyte 

differentiation, undifferentiated hPSC colonies were dissected mechanically into 
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aggregates and plated on top of mitomycin C-treated END-2 cells in the hPSC 

medium described above but without serum, serum replacement or basic fibroblast 

growth factor (Passier et al., 2005). The culture medium was supplemented with 2.92 

mg/ml of ascorbic acid (Sigma-Aldrich). The medium was refreshed on days 5, 8 

and 12. On day 14, 10 % serum replacement was added to the medium. 

Differentiated colonies were monitored daily for spontaneously beating 

cardiomyocyte clusters with phase-contrast microscopy (Nikon Eclipse TS100, 

Nikon Corporation, Tokyo, Japan). 

4.5 Multielectrode array recordings and data analysis (I-III) 

In studies I-III, 30- to 35-day-old hPSC-derived cardiomyocytes were used. 

Spontaneously beating clusters of cardiomyocytes were manually dissected and 

plated on 6-well MEAs (6-well MEA 200/30iR-Ti-tcr, MultiChannel Systems, 

Reutlingen, Germany), which were first coated with foetal bovine serum (FBS, 

Invitrogen) for 30 minutes at room temperature and then with 0.1 % gelatin (Sigma-

Aldrich) for 60 minutes at room temperature. The cardiomyocyte clusters were 

cultured in medium, which consists of knockout-DMEM supplemented with 20 % 

FBS, 1 % nonessential amino acids, 1 % Glutamax and penicillin/streptomycin (EB-

medium). The culture medium was refreshed every other day. The field potentials of 

spontaneously beating cardiomyocyte clusters were recorded at +37 °C using MEAs 

(MEA1060-Inv-BC, MultiChannel Systems, Reutlingen, Germany) with a 20 kHz 

sampling frequency and MC_Rack (MultiChannel Systems, Reutlingen, Germany) 

software. The MEAs were covered with gas-permeable membranes (ALA MEA-

sheet, ALA Scientific) during the recordings. The total recording time was 2 minutes. 

For study I, the drug experiments were conducted in 5 % FBS containing EB-

medium. The IKr channel blocker E-4031 (Sigma-Aldrich) and Esmolol (Brevibloc, 

Baxter) were diluted in the culture medium for a concentration range of 100–700 

nM and 84–168 mM, respectively. 

For study II, the drug experiments were conducted in 5 % FBS-containing EB 

medium, which was changed the day before the experiments. The following drugs 

were used: isoprenaline (Isuprel i.v., Hospira), cisapride monohydrate (Sigma-

Aldrich), erythromycin (Abboticin i.v., Amdipharm), sotalol hydrochloride (Sigma-

Aldrich), quinidine (Sigma-Aldrich) and E-4031 (Alomone Labs). The drugs were 

dissolved into either dimethyl sulfoxide (Sigma-Aldrich) or H2O according to the 

manufacturer’s instructions. The drug concentrations were chosen based on their 
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therapeutic blood serum concentration ranges (Schulz and Schmoldt, 2003). The 

following concentrations of cisapride monohydrate, erythromycin, sotalol 

hydrochloride and quinidine were tested: half the concentration of the lower limit 

for the therapeutic blood serum concentration, the lower limit of the therapeutic 

blood serum concentration range, the average therapeutic serum concentration, the 

upper limit of the therapeutic blood serum concentration, and twice the upper limit 

of the therapeutic blood serum concentration (Table 3). 

 

Table 3.  Drugs and concentrations used in study II. Concentrations were chosen based on 
corresponding therapeutic blood serum concentration ranges (Schulz and Schmoldt, 2003). 

Drug Half the lower 

limit of the 

therapeutic 

concentration  

Lower limit of 

the therapeutic 

concentration 

Average 

therapeutic 

concentration 

Upper limit of 

the therapeutic 

concentration 

2x upper limit of 

the therapeutic 

concentration 

Cisapride 40 nM 83 nM 120 nM 165 nM 330 nM 

Erythromycin 1.5 µM 3 µM 5.5 µM 8 µM 16 µM 

Sotalol 0.8 µM 1.6 µM 5.7 µM 9.7 µM 19.4 µM 

Quinidine 1.5 µM 3 µM 9 µM 15 µM 30 µM 

 

For study III, custom potassium chloride-free DMEM (Irvine Scientific) 

supplemented with potassium chloride (B. Braun, KCl 150 mg/ml) and 

penicillin/streptomycin was used. Hypokalemia measurements were conducted in 

serum-free conditions. The following potassium concentrations were used: 5.33 

(baseline), 4, 3, 2 and 1 mM. The EB-medium was changed to serum-free culture 

medium (5.33 mM K+) and incubated for one hour before baseline recording. After 

baseline recording, the concentration of potassium in the medium was subsequently 

reduced from 4 mM to 1 mM by medium exchanges, and each potassium 

concentration listed above was recorded with a 45-minute incubation in between 

each concentration. 

FPD was determined as follows: onset was determined as the beginning of the 

depolarizing Na+ peak, and offset was determined as the return of the signal to the 

baseline level. In studies II and III, Bazett’s formula was used to calculate beat rate-

corrected FPD (cFPD). 

In study I, MEA data were analysed manually using pCLAMP 10 (Molecular 

Devices) and Cardiomyocyte MEA Data Analysis (CardioMDA) software for 
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comparison studies. Twenty-five field potential complexes for each individual 

recording from the raw data were analysed manually, and the mean FPDs were 

compared to the corresponding averaged-signal FPDs obtained from CardioMDA. 

In studies II and III, CardioMDA software was used to analyse MEA data.  

4.6 Patch clamp recordings (III) 

Action potentials (APs) were recorded from spontaneously beating dissociated 

cardiomyocytes. The perforated patch clamp technique was used with amphotericin-

B (dissolved to 240 µg/ml) as the perforation agent. APs were acquired with an Axon 

Series 200B amplifier via a Digidata 1440 AD/DA converter (Molecular Devices, 

LTD). Dissociated cardiomyocytes were plated on 5-mm Ø coverslips and recorded 

on the 6th or 7th day. In brief, the coverslips were transferred to a RC-24N recording 

chamber (Harvard Instruments UK, Warner Instruments LLC, Hamden, CT, USA) 

and placed on an inverted microscope (Olympus IX71). The perfusate was 

maintained at 35–37 °C using an SH-27B inline heater (Harvard Apparatus Ltd.). A 

HEPES-based extracellular solution (HBS) containing (in mM) 143 NaCl, 1.8 CaCl2, 

1.2 MgCl2, 5 glucose and 10 HEPES was used. For experiments, the HBS was 

supplemented with 1, 2, 3 or 4.8 mM KCl (pH set to 7.4 with NaOH and osmolarity 

set to 300–302 mOsm with sucrose). HBS with 4.8 mM KCl was used as a perfusate 

to obtain baselines. The pipette solution contained (in mM) 122 KMeSO4, 30 KCl, 

1.2 MgCl2, and 1 CaCl2 (pH was set to 7.2 with KOH and osmolarity set to 

approximately 290 mOsm with sucrose). 

Extraction of beats per minute, APD50, APD90, APA, and maximum diastolic 

potential (MDP) was performed using Microcal OriginTM 9.1. Cardiomyocytes were 

considered ventricular-like when the summed baseline properties of a minimum of 

15 APs were APD90/APD50< 1.3, APA > 100 mV and MDP <-65 mV. 

4.7 Cardiac field potential data analysis (I) 

MATLAB (Mathworks, Inc.) was used to create MEA data analysis software. The 

program flow chart used can be divided into phase I (correlation analysis and 

averaging) and phase II (evaluation of FPDs). In phase I, the data are loaded into 

the software, and field potential signals are pre-processed and signal peaks detected 

using a simple windows threshold-based technique. For pre-processing, a low-pass 
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Butterworth filter of order 5 with a cut-off frequency of 200 Hz was implemented 

to attenuate noise that may affect signal quality. After pre-processing and peak 

detection, a template (used as a comparison standard for all detected field potential 

complexes) is selected for cross correlation analysis and ensemble averaging.  

After the template is selected, correlation analysis is performed to identify field 

potential complexes that closely resemble the selected template (Last et al., 2004). 

The cross correlation function is then used to measure the degree of similarity 

between the chosen template and all detected field potential complexes. The 

correlation coefficient is computed as the sum of the products of corresponding 

pairs of points from the two complexes within a specified time window. The formula 

for cross correlation is represented as (equation 1): 
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                  (1) 

Where N represents the number of samples in the time window, n is the overlap 

factor, and x1 and x2 are the signals. The factor 1/N is used to normalize the results 

based on the number of sample points. The value c1,2 is used to determine the level 

of similarity between the two signals. A user-defined correlation factor (CF) is used 

to determine the level of similarity required to pool the data for averaging. All the 

field potential complexes whose CFs are equal to or greater than the pre-defined CF 

are ensemble-averaged to produce a representative field potential complex.  

In phase II, the FPD onset and offset are evaluated from the averaged field 

potential signal. Automatic onset detection is based on amplitude changes at every 

sample point in the signal with respect to subsequent amplitudes within a particular 

time frame. For automatic offset detection, trapezium’s area method was adapted to 

identify the end of each T wave (Vázquez-Seisdedos et al., 2011). From the onset 

and offset points, the program computes the FPD and cFPD using Bazett’s 

corrections.  

Sensitivity and specificity analyses were used to evaluate the performance of the 

correlation analysis. The following terms are used to define these measures: TP – 

number of true positives (field potential complex resembles the selected template 

and the correlation coefficient is equal or greater than CF); FP – number of false 

positives (field potential complex does not resemble the template selected, but the 

correlation coefficient is greater than or equal to CF); TN – number of true negatives 

(field potential complex does not resemble the template and the correlation 

coefficient is less than CF); and FN – number of false negatives (field potential 
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complex resembles the template, but the correlation coefficient is less than CF). 

Sensitivity is represented by the proportion of field potential complexes that satisfy 

the CF and that are correctly classified based on their resemblance to the selected 

template (equation 2).  

   
TP

Sensitivity
TP FN



                (2) 

Specificity is represented by the proportion of complexes that do not satisfy the CF 

criterion and that are correctly classified as dissimilar to the template (equation 3). 
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Specificity
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  (3) 

The positive predictive value signifies the proportion of true positive field potential 

complexes with a positive CF that actually resemble the selected template (equation 

4). 
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  (4) 

4.8 Statistical analyses and sample sizes (II-III) 

In study II, using cFPD as a dependent variable, linear mixed-effects models were 

fitted with the function lme in R (Software environment for statistical computing 

and graphics, version 2.13.0, The R Foundation for Statistical Computing). Separate 

models were estimated for different cell lines when concentrations were compared. 

Additional models for cell line comparisons at baseline were also estimated. The 

factorial variable for the concentration level or cell line was used as an independent 

variable. Random intercepts for different clusters were used together with 

independent random errors. 

In study III, paired sample t-tests were used to assess significant differences 

between baselines and 4, 3, 2 and 1 mM K+ (Microcal OriginTM 9.1, IBM version 

22.0; SPSS Inc., Chicago, USA). One-way ANOVA followed by Tukey’s test was 
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used to assess the significance of differences between the cell lines for 1, 2 and 3 

mM K+ from patch clamp data. Similarly, one-way ANOVA followed by 

Bonferroni’s test was used to assess the significance of differences between the cell 

lines from MEA data. Significance was represented as (*) for p < 0.05, (**) p < 0.01 

and (***) p < 0.001. 

All the data, including MEA and patch clamp data were generated in our 

laboratory from hPSC-derived cardiomyocytes. The detailed specifics for MEA 

sample sizes for study II can be found from Table 4. For study III, the sample sizes 

for MEA data were n=9 for 04602.WT, n=10 for 00208.LQT1 and n=7 for 

00118.LQT1. For patch clamp data (study III), the sample sizes can be found from 

Table 5.   

Table 4.  The sample sizes for MEA data for study II. 

 H7 00112.hFF 01006.WT LQT1A LQT1B LQT2 

Cisapride n=7 n=4 n=8 n=4 n=4 n=14 

Erythromycin n=9 n=4 n=8 n=6 n=4 n=11 

Sotalol n=9 n=5 n=8 n=13 n=12 n=14 

Quinidine n=8 n=5 n=7 n=10 n=13 n=10 

E-4031 n=9 n=6 n=4 n=15 n=16 n=10 

 

Table 5.  The sample sizes for patch clamp data for study III.  

 04602.WT 00208.LQT1 00118.LQT1 

3mM K+ n=3 n=13 n=10 

2mM K+ n=11 n=10 n=8 

1mM K+ n=18 n=15 n=16 
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5 Results 

5.1 Cardiomyocyte MEA data analysis tool (I) 

In study (I), an offline, semi-automatic cardiomyocyte MEA Data Analysis 

(CardioMDA) software package equipped with cross correlation analysis and 

averaging techniques was developed to improve the accuracy, reliability and 

throughput rate for analysing hPSC-derived cardiomyocyte field potentials. Figure 7 

illustrates the graphical user interface of the CardioMDA software. 

 

 

Figure 7.  Load panel for CardioMDA is shown with its interactive interface options and field potential 
signal information.  

5.1.1 Validation of the cross correlation algorithm  

In CardioMDA, field potential signals are averaged using a cross correlation 

algorithm. The reliability of the cross correlation algorithm to detect true field 

potential complexes (without arrhythmia or morphology changing field potential 

signals) was evaluated using various arrhythmogenic and morphology changing 
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signals (Table 6). Sensitivity, specificity and positive predicted value showed high 

probability values for detecting field potential complexes in different datasets of the 

signals. The mean sensitivity, specificity and positive predicted value for detecting 

true field potential complexes were 99.27 %, 94.49 % and 96.35 %, respectively. 

Taken together, these results indicate that the correlation analysis is highly sensitive 

and specific in detecting field potential complexes.  

Table 6.  Performance in accurately detecting true field potential complexes in arrhythmogenic and 
morphology changing signals using cross correlation analysis with CF = 0.98. 

MEA recording N TP FP TN FN PPV Sensitivity Specificity 

Arrhythmogenic signals 

E-4031 - 10nM 150 141 0 9 0 100 % 100 % 100 % 

E-4031 - 100nM 310 281 3 24 2 98.94 % 99.34 % 88.89 % 

E-4031 - 700nM 86 59 3 24 0 95.16 % 100 % 88.89 % 

E-4031 - 700nM 75 22 2 51 0 91.67 % 100 % 96.23 % 

Morphology changing signals 

E-4031 400nM + Esmolol 84µM 58 38 2 18 0 95 % 100 % 90 % 

E-4031 - 700nM + Esmolol 84µM 112 37 2 71 2 94.87 % 94.87 % 97.26 % 

E-4031 - 700nM + Esmolol 168 

µM 

205 37 1 167 0 97.36 % 100 % 99.41 % 

E-4031 - 1000nM+ Esmolol 

168uM 

65 44 1 20 0 97.78 % 100 % 95.24 % 

Average: 96.35 % 99.27 % 94.49% 

TP: true positive, FP: false positive, TN: true negative, FN: false negative, PPV: positive predictive 
value, N: total number of field potential complex samples.  
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5.1.2 Comparison of manually analysed data to data analysed using 
CardioMDA 

Manually analysed field potential data was compared to the same corresponding data 

analysed using CardioMDA (Table 7). In manual analysis, twenty-five field potential 

signal complexes were analysed to obtain FPD and beating rate. These results were 

compared to those of corresponding results obtained from averaged signals using 

CardioMDA in a drug dataset depicting the effect of E-4031 on hiPSC-derived 

cardiomyocytes. The results showed that FPD was prolonged in a concentration-

dependent fashion. The changes in field potential duration that were produced by 

CardioMDA corresponded well to those obtained from manual analysis. 

Table 7.  Field potential duration became prolonged with increasing doses of the IKr channel blocker 
E-4031. 

MEA recording Manual analysis of raw data Analysis using CardioMDA 

 Mean ± sd Mean  

 FPD (ms) BR (bpm) FPD (ms) BR (bpm) 

Baseline 300.34 ± 8.81 128 ± 2.4 306 127 

E-4031 – 100nM 306.05 ± 9.84 135 ± 2.5 313.5 134 

E-4031 – 300nM 329.57 ± 10.30 130 ± 2.0 331.2 129 

E-4031 – 500nM 360.50 ± 10.7 122 ± 1.2 364.1 122 

E-4031 – 700nM 410.93 ± 14.0 113 ± 0.86 423.9 112 

BR: beating rate, bpm: beats per minute, FPD: field potential duration 
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5.2 Pharmacological responses of human pluripotent stem cell-
derived cardiomyocytes (II) 

The pharmacological responses of hPSC-derived cardiomyocytes were assessed 

using six different known drugs at clinically relevant concentrations. At baseline, the 

mean±sd beat rate-corrected FPDs for control cardiomyocytes were 403±65 ms 

(H7), 341±99 ms (00112.hFF) and 370±67 ms (01006.WT). For LQT 

cardiomyocytes, the values were 590±47 ms (00208.LQT1), 606±71 ms 

(00211.LQT1), 588±31 ms (00303.LQT1), 589±104 ms (00313.LQT1), 608±39 ms 

(00514.LQT2) and 635±54 ms (00525.LQT2). At baseline, the LQT cardiomyocytes 

exhibited significantly longer cFPDs (588–635 ms) than the control cardiomyocytes 

(341–403 ms) (p<0.001). 

Clonal cell lines derived from the same patient behaved similarly in all drug tests. 

Therefore, the results from the clonal cell lines derived from the same LQT patient 

were pooled together (00208.LQT1 and 00211.LQT1 [=LQT1A], 00303.LQT1 and 

00313.LQT1 [=LQT1B], 00514.LQT2 and 00525.LQT2 [=LQT2]). The first drug 

tested was the β-adrenergic agonist isoprenaline. As expected, isoprenaline increased 

the beating rate at concentrations of 81 and 402 nM. Isoprenaline did not cause any 

arrhythmic beats in any of the cardiomyocytes, including the LQT1 and LQT2 

cardiomyocytes.  

The second drug tested was cisapride, a non-cardiac drug mainly used as a 

gastrointestinal stimulant and anti-emetic that has been shown to block IKr 

(Mohammad et al., 1997; Salvi et al., 2010). Cisapride mildly increased the 

repolarization time in cardiomyocytes at concentration ranges of 83 nM to 330 nM 

(Table 8). Cisapride did not induce any arrhythmic beats.  
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Table 8.  Effects of the non-cardiac drugs cisapride and erythromycin on the normalized mean ΔcFPD 
of hPSC-derived cardiomyocytes. Drug responses are normalized to a baseline value of 100 
%. Asterisks mark significant differences between baselines and corresponding drug 
concentrations. Data are presented as the mean±sd (* p < 0.05, ** p < 0.01, *** p < 0.001). 

Drug H7 

(n=7) 

00112.hFF 

(n=4) 

01006.WT 

(n=8) 

LQT1A 

(n=4) 

LQT1B 

(n=4) 

LQT2 

(n=14) 

Cisapride ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) 

40 nM 102±4 104±3 103±4 101±3 103±5 102±4 

83 nM 105±5* 105±2 102±5 101±3 105±3 103±4 

120 nM 105±9* 110±5** 105±9 103±4 104±3 108±5 

165 nM 109±6*** 111±3*** 106±6* 105±5* 106±8 108±6 

330 nM 111±10*** 113±6* 106±10* 103±6 109±8** 110±8 

 

 H7 

(n=9) 

00112.hFF 

(n=4) 

01006.WT 

(n=8) 

LQT1A 

(n=6) 

LQT1B 

(n=4) 

LQT2 

(n=11) 

Erythromycin ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) 

1.5 µM 106±8* 101±3 104±5*** 103±3 104±5 104±4*** 

3 µM 111±10*** 105±4 109±6*** 106±9 103±6 108±6*** 

5.5 µM 115±12*** 105±3 107±5*** 108±8 104±7 110±4*** 

8 µM 114±12*** 107±3 110±5*** 115±7 110±10* 110±6*** 

16 µM 117±10*** 112±9** 113±7*** 120±8* 110±10* 112±7*** 

 

The third drug tested was erythromycin, which is a macrolide antibiotic known 

to prolong QT-interval (Shaffer et al., 2002). Erythromycin increased the 

repolarization time in cardiomyocytes starting at concentrations of 1.5 µM to 16 µM 

(Table 8). Likewise, as was seen with cisapride, erythromycin did not induce any 

arrhythmic beats in any cardiomyocytes. 

The fourth drug tested was sotalol, a β-adrenergic receptor antagonist and class 

III anti-arrhythmic agent that blocks K+ ion channels (Edvardsson et al., 1980). 

Following treatment, cFPD was increased in a dose-dependent manner in all 

cardiomyocytes. In LQT cardiomyocytes, sotalol prolonged the cFPD significantly 

already at 1.6 µM, the lower limit of the drug’s therapeutic concentration (Table 9).  
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Table 9.  Effects of the cardiac drugs sotalol, quinidine and E-4031 on the normalized mean ΔcFPD 
of hPSC-derived cardiomyocytes. Drug responses are normalized to the baseline value (100 
%). Asterisks mark significant differences between baselines and corresponding drug 
concentrations. Data are presented as the mean±sd (* p < 0.05, ** p < 0.01, *** p < 0.001).   

Drug H7 

(n=9) 

00112.hFF 

(n=5) 

01006.WT 

(n=8) 

LQT1A 

(n=13) 

LQT1B 

(n=12) 

LQT2 

(n=14) 

Sotalol ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) 

0.8 µM 104±6 103±2 97±4 104±5 102±3 104±6 

1.6 µM 107±6** 104±5 101±5 105±4* 104±3* 105±7* 

5.7 µM 112±9*** 107±8 102±6 111±8*** 106±6** 115±10*** 

9.7 µM 118±12*** 108±6 107±6** 115±10*** 111±10*** 118±12*** 

19.4 µM 121±11*** 111±7 109±10*** 124±14*** 113±8*** 121±13*** 

 

 H7 

(n=8) 

00112.hFF 

(n=5) 

01006.WT 

(n=7) 

LQT1A 

(n=10) 

LQT1B 

(n=13) 

LQT2 

(n=10) 

Quinidine ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) 

1.5 µM 102±5 103±3 102±7 102±2 101±4 108±9*** 

3 µM 106±7 106±4 109±10* 109±4 107±11 112±7*** 

9 µM 118±21*** 114±13** 116±11*** 113±12* 114±13** 113±6*** 

15 µM 115±8*** 123±10*** 116±11*** 125±10*** 122±19*** 119±2*** 

30 µM 121±2*** 127±9*** 121±9*** 142±11*** 131±23*** 116±6*** 

 

 H7 

(n=9) 

00112.hFF 

(n=6) 

01006.WT 

(n=4) 

LQT1A 

(n=15) 

LQT1B 

(n=16) 

LQT2 

(n=10) 

E-4031 ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) ΔcFPD (%) 

10 nM 105±4** 105±8 103±1* 104±6 103±5 102±2 

100 nM 109±5*** 112±10** 104±3* 113±9*** 108±8*** 105±5* 

300 nM 108±3** 117±7** 108±4*** 120±10*** 116±12*** 112±11*** 

500 nM 115± 126±10*** 110±2*** 125±12*** 119±13*** 119±12*** 

700 nM 112± 123±17*** 112±6*** 128±12*** 121±10*** 122±14*** 

 

The fifth drug tested was quinidine, a class Ia anti-arrhythmic drug with IKr and 

INa blocking capabilities at low and high concentrations, respectively (Bauman et al., 

1984; Snyders and Hondeghem, 1990). Similarly to sotalol, quinidine increased the 

cFPD in a dose-dependent manner. At 30 µM, quinidine increased the cFPD in all 

cardiomyocytes by 16–42 % (Table 9). LQT2 cardiomyocytes showed significant 

cFPD prolongation already at the lowest tested concentration (1.5 µM). 
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The sixth and final compound tested was E-4031, an experimental class III anti-

arrhythmic drug with very potent IKr blocking capability. E-4031 also caused 

concentration-dependent cFPD prolongation in all cardiomyocyte types (Table 9). 

Sotalol, quinidine and E-4031 showed proarrhythmic effects in hPSC-derived 

cardiomyocytes. Specifically, all compounds produced spontaneous 

afterdepolarization (AD)-like waveform abnormalities in certain cell lines. In 

addition, quinidine and E-4031 also caused beating arrests. These proarrhythmic 

effects were seen the earliest at the lower limit or average therapeutic serum 

concentration levels. (Table 10). 

Table 10.  Arrhythmic effects of sotalol, quinidine and E-4031 on hPSC-derived cardiomyocytes. The 
reported values are the lowest concentrations that induced the effect. The numbers in the 
parentheses indicate how many cardiomyocyte clusters in total were affected. 

Sotalol     

(µM) 

H7            

(n=11) 

00112.hFF 

(n=6) 

01006.WT 

(n=12) 

LQT1A    

(n=13) 

LQT1B    

(n=13) 

LQT2       

(n=15) 

0.8       

1.6       

5.7      AD (2) 

9.7 AD (4)  AD (1)    

19.4  AD (1)  AD (2)   

Quinidine 

(µM) 

H7            

(n=10) 

00112.hFF 

(n=6)  

01006.WT 

(n=11) 

LQT1A     

(n=12) 

LQT1B     

(n=16) 

LQT2        

(n=12) 

1.5       

3      AD (1) 

9 AD (3)  BA (7) AD (1) BA (5) BA (5) 

15  BA (2)  BA (2)   

30 BA (1)      

E-4031    

(nM) 

H7            

(n=10) 

00112.hFF 

(n=6) 

01006.WT   

(n=8) 

LQT1A     

(n=16) 

LQT1B     

(n=16) 

LQT2       

(n=13) 

10       

100      BA (4) 

300 AD (7) AD (2)  AD (8)  AD (3) 

500 BA (1) BA (2) BA (1)  AD (4)  

700     BA (1)  

AD: after depolarization-like waveform abnormality, BA: beating arrest (termination of spontaneous 
beating activity) 
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5.3 Hypokalaemic responses in human induced pluripotent 
stem cell-derived cardiomyocytes (III) 

5.3.1 Characteristics of cardiomyocytes at baseline and under 
hypokalaemic conditions 

In study III, the electrophysiological characteristics of hiPSC-derived WT and LQT 

single cardiomyocytes and cardiomyocyte clusters were investigated at baseline and 

under hypokalaemic conditions. The absolute baseline cFPD and APD90 values were 

significantly more prolonged in LQT cardiomyocytes than in WT cardiomyocytes 

(Figure 8). The mean baseline beating rates in the cardiomyocyte clusters were 

73±18, 75±21, 70±17 for 04602.WT (n=9), 00208.LQT1 (n=10) and 00118.LQT1 

(n=7), respectively. No significant difference in beating rates was found between WT 

and LQT cardiomyocytes. 

When hiPSC-derived cardiomyocytes were subjected to hypokalaemic 

conditions, it was found that the cFPD and APD90 increased in a concentration-

dependent manner in the LQT cardiomyocytes. Conversely, beating rates showed 

variable responses among cardiomyocyte clusters and single cardiomyocytes under 

hypokalaemic conditions. In cardiomyocyte clusters, beating rates were first 

increased in all the cell lines at 4 mM K+ but starting from 3mM K+ the beating rates 

started to decrease in a concentration-dependent manner. At 1 mM K+ the beating 

rates were similar between the cell lines, around 60 beats per minute. In single 

cardiomyocytes the trend was the opposite. At 1 mM K+, beating rates were similar 

among the cell lines, at approximately 60 beats per minute. In single cardiomyocytes, 

the trend was the opposite. At 1 mM K+, all the cell lines except 00118.LQT1 

exhibited increased beating rates. The 04602.WT line showed higher increases in 

beating rates (23 %) than the 00208.LQT1 line (16 %) at 1 mM K+ compared to 

baseline. As for cFPD and APD90, the greatest prolongations were seen at 1 mM K+ 

in the 00118.LQT1 line (21 % and 40 % for cFPD and APD90, respectively) and the 

00208.LQT1 line (14 % and 29 % for cFPD and APD90, respectively). The absolute 

values of cFPD and APD90 within each cell line were quite similar. Furthermore, 

sensitivity to K+ concentration was similar between single cells and clusters of LQT 

cardiomyocytes. Both single and clustered LQT cardiomyocytes showed significant 

prolongation of repolarization time at 4 mM and 3 mM K+ (Figure 8). Although 

LQT cardiomyocytes behaved quite similarly, some differences between single and 

clustered cardiomyocytes were seen in WT cardiomyocytes. When the WT 
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cardiomyocytes were in clusters, cFPD was not significantly prolonged, whereas 

single WT cardiomyocytes showed significant APD90 prolongation at 2 mM K+ 

when compared to baseline. Overall, these results indicate that LQT cardiomyocytes 

are more sensitive to hypokalaemia-induced repolarization time prolongation than 

WT cardiomyocytes. 

 

 

Figure 8.  Repolarization time prolongations in hiPSC-derived cardiomyocytes under hypokalaemic 
conditions. A) Absolute cFPD values for cardiomyocyte clusters. Baseline cFPD values were 
significantly more prolonged in LQT cardiomyocytes than in wild-type cardiomyocytes. 
Lowering of K+ concentration resulted in significant concentration-dependent cFPD 
prolongation in LQT cardiomyocytes. B) APD90 values for single cardiomyocytes. Similarly 
to the above, lowering of the K+ concentration resulted in prolongation of APD90 in a dose-
dependent fashion. (A) Data are presented as the mean±sd and (B) as the mean±SEM (* 
p < 0.05, ** p < 0.01, *** p < 0.001). 
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Similarly to APD90, APA and MDP were also altered in a K+-concentration-

dependent manner in all of the hiPSC-derived cardiomyocytes. Overall, there were 

no major differences in the alterations of APA and MDP between WT and LQT 

cardiomyocytes. Collectively, in all of the hiPSC-derived cardiomyocytes, APA was 

increased by approximately 4–6 mV and MDP decreased by approximately 2–5 mV.  

5.3.2 Arrhythmogenic behaviour in LQT cardiomyocytes at baseline and 
under hypokalaemic conditions 

In the 00208.LQT1 line, the majority of single cardiomyocytes (n=38, 75 %) did not 

exhibit arrhythmogenic behaviour either at baseline or under hypokalaemic 

conditions. In contrast, two subgroups of single cardiomyocytes in the 00208.LQT1 

line exhibited EADs at baseline and/or under hypokalaemic conditions. The first 

subgroup (n=8, 15 % of single cardiomyocytes) showed EADs at baseline and also 

under hypokalaemic conditions. The second subgroup (n=5, 10 % of single 

cardiomyocytes) did not show EADs at baseline, but they were induced by a 1 mM 

K+ concentration (Figure 9). Interestingly, no arrhythmogenic activity was seen in 

any 00208.LQT1 cardiomyocyte clusters at baseline. However, mild arrhythmia 

(extra beats) was seen in 10 % of the cardiomyocyte clusters at 3 mM K+.  

 

Figure 9.  Representative patch clamp traces from the arrhythmic subgroups in the 00208.LQT1 line. 
A) In a subgroup of cells, EADs are only seen at a 1 mM K+ concentration but not at baseline. 
B) In another subgroup of cells, EADs are seen at baseline and under hypokalaemic 
conditions (EADs at 1 mM K+ concentration are shown). Arrows indicate EADs. 
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Single 00118.LQT1 or 04602.WT cardiomyocytes did not show any 

arrhythmogenic behaviour either at baseline or under hypokalaemic conditions. 

However, as cardiomyocyte clusters, both cell lines showed mild arrhythmia (skipped 

beats) in 10 % of the cardiomyocyte population starting at 4 mM K+.  
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6 Discussion 

6.1 Cardiomyocyte MEA data analysis tool (I) 

The safety of cardiac drugs is a major concern in the pharmaceutical industry. 

Traditionally, patch clamp techniques have been considered the golden standard for 

assessing ion channel functionality. However, these techniques are time-consuming, 

tedious and require very high-level operator skills. In recent years, the MEA platform 

has been extensively used to analyse drug responses in hPSC-derived cardiomyocytes 

(Braam et al., 2010; Braam et al., 2013; Caspi et al., 2009; Gilchrist et al., 2015; Harris 

et al., 2013; Kitaguchi et al., 2016; Mehta et al., 2011; Mehta et al., 2013; Navarrete 

et al., 2013; Nozaki et al., 2016; Yokoo et al., 2009). Thus, applying hPSC-derived 

cardiomyocytes to the MEA platform could complement traditional methods of 

analysing cardiac safety. Indeed, recent reports have suggested that MEA is 

becoming a standard tool for accurately predicting QT-interval prolongation and 

arrhythmogenic potential in humans (Harris et al., 2013; Kitaguchi et al., 2016; 

Nozaki et al., 2016). Data acquisition from cardiomyocytes is easier and more time-

efficient with MEA than with patch clamping. Traditionally, the analysis of MEA 

data requires substantial manual work, which creates a bottleneck preventing high-

throughput screening. To this end, the aim of the first study was to develop a 

software package (CardioMDA) to improve the accuracy, reliability and throughput 

rate of MEA data analysis and to facilitate evaluation of the responses of hPSC-

derived cardiomyocytes to drugs or environmental factors. 

The correlation algorithm presented in this dissertation has not been previously 

utilized to measure electrical activity recorded from hPSC-derived cardiomyocytes. 

The benefit of utilizing such an algorithm is the ability to accurately and consistently 

determine true field potential signal complexes. This was validated using recordings 

of arrhythmogenic and morphology changing signals that contained both true field 

potential signal complexes and arrhythmogenic or morphology changing signals. 

With cross correlation, a user-defined template may be selected as either 

arrhythmogenic or non-arrhythmogenic in origin and then analysed accordingly. To 

evaluate and validate the cross correlation algorithm, arrhythmogenic and 

morphology changing signals were recorded in WT cardiomyocytes treated with the 
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hERG-blocker E-4031 and the β-blocker Esmolol and then analysed. Sensitivity, 

specificity and positive predicted value were evaluated from these recordings. Taken 

together, the results indicated that cross correlation analysis is highly sensitive and 

specific as well as highly accurate in detecting true field potential signal complexes, 

irrespective of the signal type, which is important for accurate and reliable data 

analysis. Notably, increasing CF values will result in a more rigid selection criterion. 

This indicates that an extremely high CF value will result in the discarding of field 

potential signal complexes that otherwise would have been included in a cross 

correlation analysis using a lower CF value. The CF value is freely changeable within 

the software to suit user needs. 

One of the key elements of accurate data analysis is a high-quality signal with a 

good SNR. Noise can be attenuated by ensemble averaging, thus improving SNR 

(Kujala et al., 2011). Ensemble averaging results in the smoothing of field potential 

signal complexes, thus improving accuracy when determining FPD. The more field 

potential signal complexes are included in the averaging, the smoother the averaged 

field potential signal complex will be.  

Next, a hERG channel blocker was used to treat WT cardiomyocytes, and the 

data obtained were used to test the reliability and efficiency of CardioMDA in 

determining FPD compared to manual analysis. As a result of hERG treatment, FPD 

was prolonged in a dose-dependent fashion. The FPD measurements of the 

averaged signals corresponded well to the raw signal FPD measurements, indicating 

that the results from CardioMDA are consistent and reliable. In the manual analysis, 

many field potential signal complexes are needed for reliable data analysis. With 

CardioMDA, only one averaged signal is needed for analysis, as the averaged signal 

represents all of the field potential signal complexes within the recording. This will 

greatly enhance the throughput rate of MEA data analysis.  

Providing automaticity in analysis software would greatly accelerate data analysis. 

With this in mind, automatic detection algorithms for determining FPD were 

implemented within CardioMDA. While the automatic onset detection worked well 

in detecting the depolarizing Na+-peak, the automatic offset detection had problems 

in accurately detecting the offset point (i.e., when the signal returns to the baseline). 

This most likely resulted from morphologically heterologous field potential signal 

complexes. In MEA, depolarization and repolarization phases may exhibit diverse 

waveforms, probably due to the three-dimensional orientations of cardiomyocyte 

clusters relative to the recording electrode. It is not unusual for cardiomyocyte 

clusters to exhibit variations in signal shape between recordings and between 

different electrodes. Because the orientations of cardiomyocyte clusters cannot be 
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precisely controlled, this feature greatly hinders the development of robust 

automated algorithms. Thus, more uniform field potential signal waveforms are 

needed to develop such algorithms. Due to recent developments that have improved 

cardiac differentiation efficiency, one possible solution to the present problem would 

be to use a monolayer of cardiomyocytes plated on top of MEA electrodes. This 

configuration may yield more uniform field potential signal complexes because the 

orientation of the cells is more controllable than those of cardiomyocyte clusters. In 

this way, better automated algorithms for offset point detection could be developed 

to facilitate more efficient data analysis. 

There are some limitations within the software. As our aim was to develop 

software for MEA data analysis using clusters of cardiomyocytes, CardioMDA lacks 

the ability to analyse conduction velocities of cardiomyocytes, which would need to 

be grown in monolayers to conduct such studies. However, a recently described 

open-source MATLAB-based program called MultiElec was shown to have the 

ability to analyse conduction velocities, producing heat maps with activation times 

and 3D videos of signal progression over all electrodes (Georgiadis et al., 2015). 

Additionally, due to recent developments in MEA hardware, high-throughput 

screening is becoming possible in 48- and 96-well formats. CardioMDA was not 

developed for use with 48- or 96-well MEA plates; therefore, this software would 

not be suitable for high-throughput screening using such plates. However, the 

method could be amenable for scale-up with high-throughput screening in mind. In 

summary, CardioMDA represents a semi-automatic data analysis software package 

that was designed to improve the accuracy, reliability and throughput rate of MEA 

data analysis and is available open-source to researchers working in the field.  

6.2 Pharmacological and hypokalaemic responses of human 
pluripotent stem cell-derived cardiomyocytes (II, III) 

In studies II and III, the pharmacological and hypokalaemic responses of hPSC-

derived cardiomyocytes were investigated. The baseline cFPD values of WT 

(approximately 400 ms) and LQT cardiomyocytes (approximately 600 ms) were 

similar between studies II and III, indicating that field potential signals recorded 

from END-2 differentiated cardiomyocytes yield consistent results. The same was 

also observed with patch clamping, where the baseline APD90 values for WT 

(04602.WT) and LQT cardiomyocytes (00118.LQT1 and 00208.LQT1) were similar 
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in study II compared to those in a previous study that utilized the same cells (Kiviaho 

et al., 2015).  

Interestingly, no spontaneous arrhythmic activity was seen in LQT 

cardiomyocyte clusters at baseline in either of the studies, in contrast to single LQT 

cardiomyocytes (Kiviaho et al., 2015). These results are also in line with our previous 

study, as well as with other studies in which no spontaneous arrhythmic behaviour 

was seen in LQT cardiomyocyte clusters at baseline (Egashira et al., 2012; Lahti et 

al., 2012; Matsa et al., 2011). Currently, it is unknown what mechanisms or factors 

are involved in this phenomenon. 

6.2.1 Pharmacological responses in human pluripotent stem cell-derived 
cardiomyocytes (II) 

Cardiotoxicity is a major cause of drug failure during development and the 

withdrawal of drugs from the market, presenting a significant burden on the 

pharmaceutical industry (Denning and Anderson, 2008). With the advent of iPS cell 

technology, functional cardiomyocytes can be generated from any individual, 

including those with inheritable cardiac disease. To this end, the aim of study II was 

to investigate the effects of known drugs on cFPD parameters in WT, LQT1, and 

LQT2 cardiomyocytes of various origins using clinically relevant drug 

concentrations. Previously, MEA assays have been used to evaluate drug responses 

in hiPSC-derived LQT1 cardiomyocytes in only one study (Egashira et al., 2012). 

Egashira and colleagues studied one IKr blocker and one IKs blocker, neither of which 

is in clinical use. Thus, there is little comparable MEA-derived data in the literature 

for hiPSC-derived LQT1 cardiomyocytes.  

Human ESC-derived cardiomyocytes were used as a control, and the results 

obtained were compared to previous studies (Braam et al., 2010; Caspi et al., 2009). 

Caspi et al. (2009) evaluated and compared early (15–30 days) and late (30–90 days) 

hESC-derived cardiomyocytes and found that early cardiomyocytes exhibit relatively 

milder responses to the IKr blocker E-4031 compared to older cardiomyocytes. 

Indeed, a detailed electrophysiological study has shown that long-term culturing in 

vitro enhances the current densities of several ion channels, indicating cardiac 

maturation (Sartiani et al., 2007). Thus, the age of cardiomyocytes used in drug tests 

may significantly impact drug responses. That being said, an evaluation of hiPSC-

derived cardiomyocytes of varying ages (30, 60, 90 days) yielded no significant 

differences in terms of drug responses (Shinozawa et al., 2012). However, in the 
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referenced study, only three drugs were tested at two different concentrations. 

Nevertheless, further studies are needed to resolve this matter. The results obtained 

from treating hESC-derived cardiomyocytes with E-4031 in study II are in line with 

Caspi et al. (2009) and fall between the responses of early and late hESC-derived 

cardiomyocytes. While in Caspi et al.’s report (2009), beat rate correction (Bazett’s) 

was used, Braam et al. (2010) did not use any beat-rate correction, thus making a 

comparison of the studies very difficult. However, Braam et al. (2010) reported a 

20–50 % FPD prolongation when quinidine was used at a concentration range of 

0.9–3.2 µM, whereas Caspi et al. (2009) reported a 7–30 % cFPD prolongation when 

quinidine was used at a range of 1–8 µM in late hESC-derived cardiomyocytes. In 

study II, an approximate 20 % increase in cFPD was observed in hESC-derived 

cardiomyocytes when quinidine was used at 9 µM. Considering that the age of the 

hESC-derived cardiomyocytes (30 days) used in study II does not quite match that 

used in the study by Caspi et al. (2009) (30–90 days), the results obtained do suggest 

similar responses to quinidine. Taken together, both the above-referenced studies 

and study II showed that hESC-derived cardiomyocytes could be used to predict 

QT-interval prolongation using clinically relevant drugs and concentrations.  

The results obtained from our hiPSC-derived WT cardiomyocytes differed from 

the results of previous studies. For example, Mehta et al. (2013) found an 

approximate 20 % cFPD prolongation in hiPSC-derived WT cardiomyocytes when 

treated with cisapride at a concentration of 100 nM, whereas in study II, a 5–10% 

cFPD prolongation was found. Additionally, with sotalol, the referenced study 

demonstrated a 65 % cFPD prolongation at 50 µM, and with quinidine, a 20–55 % 

cFPD prolongation was observed at a concentration range of 1–10 µM; our 

prolongations were more modest (Mehta et al., 2013). It is unknown whether the iPS 

cell-generation method, culturing conditions, cardiac differentiation method or 

simply line-to-line variability is responsible for the variable drug responses between 

the studies. One possible explanation is that Mehta et al. (2013) studied 

pharmacological responses in 150- to 170-day-old embryoid body-based hiPSC-

derived cardiomyocytes (Mehta et al., 2013). As noted above, long-term culturing in 

vitro enhances the maturation of cells, which may have affected their drug responses. 

Furthermore, small differences may have arisen from the variable drug wash-in times 

used between the studies. However, despite the above differences, it should be noted 

that significant cFPD prolongation with different drugs primarily occurred at a 

therapeutic concentration range and in a dose-dependent fashion in both studies 

(study II and Mehta et al., 2013). Overall, hiPSC-derived cardiomyocytes behaved 

similarly to hESC-derived cardiomyocytes. 
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 The therapeutic plasma concentration of erythromycin has been reported to be 

3–8 µM (Schulz and Schmoldt, 2003). LQT1 cardiomyocytes seemed to have 

significant cFPD prolongation only at the maximal concentration of 16 µM. In 

contrast, LQT2 cardiomyocytes exhibited significant cFPD prolongation starting at 

a sub-therapeutic concentration (1.5 µM), indicating their increased sensitivity to the 

drug. With sotalol, both LQT1 and LQT2 cardiomyocytes showed significant cFPD 

prolongation at the lowest therapeutic concentration (1.6 µM) compared to hiPSC-

derived WT cardiomyocytes, which may indicate the increased vulnerability of LQT 

cardiomyocytes to sotalol-induced cFPD prolongation. In some cases, sotalol caused 

only AD-like waveform abnormalities, which were mostly seen at the higher 

concentrations. With quinidine, LQT2-cardiomyocytes showed significant cFPD 

increase at the sub therapeutic concentration (1.5 µM), unlike control- or LQT1-

cardiomyocytes, which indicates the increased sensitiveness of LQT2-

cardiomyocytes to quinidine compared to others. Furthermore, LQT2-

cardiomyocytes exhibited AD-like waveform abnormalities already at the lowest 

therapeutic concentration (3 µM). Taken together, these may imply that LQT2-

cardiomyocytes harbouring R176W mutation may be at increased risk to quinidine-

induced adverse effects. However, it is important to note that the results were 

obtained from three LQT-patients only and must be interpreted with caution. 

Overall, quinidine caused more beating arrests than AD-like waveform abnormalities 

probably due to its Na+-channel blocking capabilities at higher concentrations 

(Snyders and Hondeghem, 1990). Judging from the statistical significance of the 

cFPD prolongation with E-4031, all the cell lines behaved quite similarly. The 

compound E-4031 also caused AD-like waveform abnormalities and beating arrests 

at higher concentrations. Egashira et al. (2012) reported a 20 % cFPD prolongation 

in LQT1-cardiomyocytes derived from symptomatic patient harbouring 

heterozygous deletion mutation (1893delC) in KCNQ1 when treated with 100 nM 

E-4031 and AD-like waveform abnormalities at 300 nM and higher (Egashira et al., 

2012). These results are similar to those obtained from symptomatic LQT1-

cardiomyocytes carrying G589D mutation. 

Taken together, study II shows that the repolarization times of WT- and LQT-

cardiomyocytes are significantly different at baseline but the drug effects appeared 

to be of similar magnitude between the cell lines. It may be possible that the mutation 

type itself may have profound effect on the pharmacological response. Evidence 

suggests that the C-terminal mutations such as G589D have milder phenotypes than 

those with mutations of the transmembrane domains (Donger et al., 1997; Larsen et 

al., 1999; Piippo et al., 2001; Swan et al., 1999). Furthermore, R176W mutation has 
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been elsewhere reported as a relatively mild form of LQTS (Fodstad et al., 2006; 

Marjamaa et al., 2009). The iPS cell technology provides excellent opportunity to 

study pharmacological responses of LQT-cardiomyocytes, which otherwise would 

be either impossible or very difficult. Unfortunately, this experimental design could 

not definitely answer whether LQT-cardiomyocytes are more sensitive to certain 

drugs than WT-cardiomyocytes. Although there were a few differences in the 

sensitivities of WT- and LQT-cardiomyocytes, no clear conclusion can be made due 

to large variance in cFPD and small sample size. However, all compounds showed 

systematic tendency to prolong the cFPD in the clinically relevant concentration 

range similar to previous studies (Braam et al., 2010; Caspi et al., 2009; Mehta et al., 

2013). It is of note that the exact comparison of results is rather difficult due to many 

variabilities’ such as used differentiation method, maturation stage of the cells and 

experimental design, among others. Furthermore, using relative cFPD prolongation 

values measured in percentages may not be ideal for comparing cardiomyocytes from 

WT- and LQT-specific cell lines. For example, consider a situation where the 

percentage value is the same between WT and LQT cardiomyocytes for a certain 

QT-interval-prolonging drug and concentration. As baseline values are already 

higher in LQT cardiomyocytes, the absolute cFPD prolongations due to the effects 

of different QT-interval-prolonging drugs would be higher in LQT cardiomyocytes 

than in WT cardiomyocytes. Most importantly, the evidence suggests that there are 

differences in drug responses between cardiomyocyte clusters and cardiomyocyte 

monolayers. With E-4031, a concentration of 3 nM resulted in statistically significant 

cFPD prolongation (5–10 %), and arrhythmias were observed at 10 nM or higher in 

monolayers (Harris et al., 2013; Kitaguchi et al., 2016). These values are significantly 

lower than those obtained from cardiomyocyte clusters. Therefore, if MEA is to be 

used as a preclinical tool for assessing QT-interval prolongation and arrhythmogenic 

liability, it is crucial to establish uniform study protocols that yield consistent and 

valid results. 

6.2.2 Hypokalaemic responses in human induced pluripotent stem cell-
derived cardiomyocytes (III) 

The third aim of this dissertation was to evaluate hypokalaemic responses in hiPSC-

derived LQT cardiomyocytes. Hypokalaemia is one of the most common electrolyte 

disturbances and is characterized by low blood serum potassium levels (Rastergar 

and Soleimani, 2001). In normokalaemic conditions, potassium concentrations range 
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from 3.5–5.3 mM, whereas in moderate hypokalaemia they range from 2.5–3.0 mM, 

and in severe hypokalaemia they are <2.5 mM (Macdonald and Struthers, 2004; 

Rastergar and Soleimani, 2001; Unwin et al., 2011). At the cellular level, 

hypokalaemia increases resting membrane potential, expedites depolarization, 

increases automaticity and lengthens action potential (Macdonald and Struthers, 

2004). Indeed, hypokalaemia is known to increase the risk of ventricular arrhythmia 

and sudden cardiac death and is a risk factor for LQT patients (Macdonald and 

Struthers, 2004; Roden, 2004). It has been reported that hypokalaemia prolongs QTc 

interval and causes TdP in LQT1 patients and that TdPs can be completely 

suppressed by potassium infusion (Kubota et al., 2000). However, the use of 

potassium infusion to shorten QT-interval is not a permanent solution due to 

potassium homeostasis. Potassium levels are tightly controlled in the presence of 

normal renal function, which limits the long-term effects of temporary potassium 

infusion in normokalaemic LQT patients (Tan et al., 1999). 

Based on animal studies, the increase in APD in hypokalaemia is thought to result 

from inhibition of outward K+ currents (IKr, IK1, Ito), contributing to ventricular 

repolarization (Osadchii, 2010). This phenomenon is known as loss of repolarization 

reserve (Faggioni and Knollmann, 2015). Low extracellular K+ concentrations have 

been found to increase IKs current, but conversely, they also reduce IKr current 

(Sanguinetti and Jurkiewicz, 1992; Yang et al., 1997). Furthermore, extremely low 

extracellular K+ concentrations (approximately 1 mM or lower) have been found to 

decrease cell surface density of IKr and IKs channels in chronic hypokalaemic rabbits 

(Guo et al., 2011a). However, it is yet known how these observations relate to 

humans with mild or severe hypokalaemia. 

In study III, the acute effect of hypokalaemia was investigated at K+ 

concentrations ranging from 1–3 mM at the single-cell level. APD90 was prolonged 

in a concentration-dependent manner in all cell lines. This APD90 prolongation was 

more pronounced in the 00118.LQT1 cell, which carries the ivs7-2A>G splice 

mutation, than the 00208.LQT1 line, which carries the G589D missense mutation, 

or in WT cardiomyocytes. Similarly, cFPD was also prolonged in a concentration-

dependent manner in LQT cardiomyocyte clusters. In contrast to observations made 

with patch clamp data, cFPD values in WT cardiomyocyte clusters did not seem to 

be significantly affected by hypokalaemic conditions. When comparing the results 

obtained from single LQT1 cardiomyocytes and LQT1 cardiomyocyte clusters, it 

could be seen in both assays that cells with the ivs7-2A>G mutation seemed to be 

more sensitive to hypokalaemia-induced repolarization time prolongation. However, 

these data were obtained from cells derived from only 1 patient, and the results must 
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therefore be interpreted with caution. Although the ivs7-2A>G mutation may 

indeed enhance sensitivity to hypokalaemia-induced repolarization time 

prolongation, this conclusion cannot be firmly stated until further studies with more 

patients are performed. However, these studies are limited by the fact that the 

protocol required to generate hiPSC lines from patient skin biopsies and to then, 

after numerous steps, differentiate these cells into beating cardiomyocytes is very 

time-consuming and expensive. Thus, less time-consuming protocols are needed to 

generate beating cardiomyocytes. The very recent discovery that a 9-chemical 

cocktail can directly reprogram fibroblasts into beating cardiomyocytes in just 30 

days could resolve this problem (Cao et al., 2016). Furthermore, the ability to directly 

reprogram one somatic cell type into another raises very exciting opportunities for 

research. 

Action potential characteristics such as MDP, APA, and Vmax are affected by 

hypokalaemia in animal-derived ventricular cardiomyocytes (Osadchii, 2010). 

Specifically, MDP is hyperpolarized and both APA and Vmax are increased under 

hypokalaemic conditions. The results obtained from hiPSC-derived ventricular-like 

cardiomyocytes in study III are in line with the aforementioned animal studies. These 

changes suggest that the increased availability of fast Na+ channels for activation 

may play a significant role in the generation of arrhythmias evoked by hypokalaemia. 

In addition to APD prolongation, alterations in Na+ and Ca2+ homeostasis may 

play a significant role in generating EADs or delayed afterpolarizations. In addition 

to reducing repolarization reserve, hypokalaemia, even moderate hypokalaemia, also 

inhibits Na+-K+-pump function (Pezhouman et al., 2015). This results in the 

elevation of intracellular Na+ levels, which in turn stimulates NCX channels to influx 

Ca2+ and efflux Na+. Moreover, APD prolongation increases the time-window for 

Ca2+ influx. Together, these events result in Ca2+ overload, which increases the ICa 

and INa inward currents via Ca/calmodulin-dependent protein kinase II. As an end 

result, the increased concentration of cytosolic Ca2+ and the outward K+ current 

inhibition result in the generation of EADs or delayed afterdepolarizations. 

(Faggioni and Knollmann, 2015; Osadchii, 2010; Pezhouman et al., 2015.) 

Interestingly, no EADs were seen in the 00118.LQT1 cells, although these cells did 

demonstrate increased sensitivity to hypokalaemia-induced APD prolongation. In 

contrast, 00208.LQT1 cells showed EADs in a subset of cells. These arrhythmic 

cardiomyocytes demonstrated hyperpolarized MDPs, which is in line with previous 

studies (Zaza, 2009). Very recently, in animal studies, a small-conductance calcium-

activated potassium current (IKAS) was found that is only activated during 

hypokalaemia due to intracellular Ca2+ overload to shorten APD; blocking this 
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channel would facilitate ventricular fibrillation (Chan et al., 2015). It would be 

interesting to determine whether the channel generating IKAS is expressed in the 

hiPSC-derived cardiomyocytes used in study III and to measure the current densities 

of IKAS between different cell lines. Studies of other currents involved in 

hypokalaemia may help explain the differences observed between the 00118.LQT1 

and 00208.LQT1 lines.  

Only a small subset of 00208.LQT1 cells exhibited EADs. Currently, it is 

unknown whether this results from these cells expressing less outward K+ currents 

(mainly IKr, which has been linked to EAD facilitation) or if it is because hiPSC-

derived cardiomyocytes have a heterogeneous nature that is caused by various 

factors, such as maturation stage or cardiac differentiation. For future studies, it 

would be interesting to determine the current densities of IKs and IKr under 

hypokalaemic conditions in both WT cardiomyocytes and LQT cardiomyocytes.   

Distinct mutations (e.g., G589D and ivs7-2A>G) in LQT1 may decrease IKs 

current through changes in various biophysical and trafficking mechanisms 

(Aromolaran et al., 2014). It would seem that the G589D mutation results in a 

trafficking defect, whereas the effects caused by the ivs7-2A>G mutation remain 

unknown. In heterozygotes, the G589D mutation exerts a dominant-negative effect 

that adversely affects WT channels, resulting in reduced IKs current (Aromolaran et 

al., 2014). The homomeric ivs7-2A>G mutation results in a complete loss-of-

function effect for the channel, and when expressed along with the wild-type 

channel, the mutation exerts a strong dominant-negative effect on the whole channel 

complex (Fodstad et al., 2006). In hypokalaemia, IKs current is apparently increased, 

but due to LQT1 mutations, the repolarization reserve remains reduced compared 

to WT due to genetic susceptibility. However, it is not currently known how IKs 

current is affected in hypokalaemic heterozygous LQT1 cardiomyocytes harbouring 

distinct mutations. Thus, the distinct LQT1 mutation types may have variable effects 

on hypokalaemia-induced APD prolongation. The complete loss of function related 

to IKs current may help explain the differences in APD prolongation between 

G589D- and ivs7-2A>G-mutant carriers. The results from study III show that APD 

prolongation per se may not be sufficient for EAD facilitation when comparing 

00118.LQT1 and 00208.LQT1 cell lines. Thus, it would seem that other factors, such 

as calcium and/or sodium homeostasis, could play an additional role in EAD 

facilitation.  

Taken together, it appears that hiPSC-derived cardiomyocytes recapitulate the 

effects of hypokalaemia and that LQT1 cardiomyocytes may be more sensitive to 

hypokalaemia-induced effects than WT cardiomyocytes. Specifically, cardiomyocytes 
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harbouring the ivs7-2A>G mutation exhibited increased sensitivity to hypokalaemia 

based on the prolongation of repolarization time, whereas cardiomyocytes 

harbouring the G589D mutation exhibited EADs under hypokalaemia. Notably, 

however, these results were obtained from cells derived from only 2 patients. Despite 

this, our evidence indicates that LQT1 cardiomyocytes may be more sensitive to 

hypokalaemia. Using relevant and proper controls is essential for obtaining valid 

results. The main limitations of this study are associated with the use of controls. 

The ideal control for the above-detailed experiments would be an isogenic control 

cell line in which LQTS-causing mutations can be introduced into WT cells or 

corrected in diseased cells using genome-editing tools, such as CRISPR/Cas9. In this 

way, the effects of only the disease-causing mutations could be studied. In the future, 

more studies using isogenic control cell lines will likely be reported. In the current 

work, electrical activity in cardiomyocyte clusters was measured using MEAs under 

hypokalaemic conditions. As noted above, pharmacological responses seem to vary 

between cardiomyocyte clusters and monolayers. Therefore, hypokalaemic 

responses may also vary between cardiomyocyte clusters and monolayers. However, 

it is not currently known if such differences exist. Further studies are needed to 

resolve this matter. Moreover, it is difficult to generalize results based on cells 

derived from only a few patients. Studies of larger groups of patients are needed to 

clearly determine how specific mutation types affect responses to external stimuli, 

such as hypokalaemia. However, the patch clamp assay used in this study is very 

time-consuming and tedious to perform, creating a bottleneck for higher-throughput 

studies. Overall, it would seem that hiPSC-derived cardiomyocytes respond to 

electrolyte imbalances similarly based on the prolongation of repolarization time. 

Thus, these cells can also serve as a valuable platform for studying the effects of 

hypokalaemia.  

6.3 Future perspectives 

Recent developments in MEA technology have enabled the analysis of electrically 

excitable cells in a higher-throughput fashion. This allows for more efficient drug-

safety screening and patient-risk assessment. However, the need for a program that 

can easily, efficiently and reliably analyse MEA data remains. Toward this end, 

CardioMDA was developed, and this software package can be further improved. 

First, automated analysis algorithms would need to be developed, particularly for 

offset detection. This would require the use of cell monolayers, which might generate 
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more uniform and consistent signals for analysis. However, recent developments 

that have improved cardiac differentiation efficiency have made it possible to 

overcome this problem. Furthermore, additional QT-interval-correction algorithms 

(e.g. Fridericia’s, Framingham’s) can be easily added to the program (Vandenberk et 

al., 2016). The CardioMDA graphical user interface needs to be improved to more 

easily manage larger datasets. Overall, scaling up the system and developing an 

automated onset detection algorithm could tremendously improve data analysis and 

enable high-throughput screening. 

Considering high-throughput screening and patient-risk assessment, it would be 

beneficial to determine whether and to what extent cardiomyocyte monolayers and 

cardiomyocyte clusters truly differ. Answering this question would clarify what type 

of cell “shape” (i.e., three-dimensional clusters or two-dimensional cardiomyocyte 

sheets) would be ideal for assessing pharmacological responses. Such experiments 

would require cells grown under the same set of conditions (e.g., using the same 

cardiac differentiation method) for comparison.  

For patient-risk assessment, it is essential to establish a MEA protocol that 

accurately correlates with the human heart. One issue of concern is the relatively 

immature phenotype of hiPSC-derived cardiomyocytes. Moreover, for drug safety 

screenings, it would be beneficial to generate a homogenous cell population (e.g., 

ventricular cardiomyocytes). Recently, it was shown that MYL7 (MLC2a), which has 

been frequently used as a marker to discriminate between atrial and ventricular 

cardiomyocyte subtypes, is unsuitable for distinguishing cardiomyocyte subtypes 

(Piccini et al., 2015); therefore, new markers are needed. 

Using current methods and protocols, it is very time-consuming and laborious to 

generate cardiomyocytes from hiPSCs. The workflow starts from skin biopsies and 

primary cell culture to obtain sufficient number of fibroblasts for reprogramming, 

hiPSC generation and characterizations as well as cardiac differentiations and 

cardiomyocyte characterizations. The above workflows could be greatly streamlined 

by using small molecule-based differentiation, such as for the differentiation of 

fibroblasts into cardiomyocytes. Very recently, it was shown that such a scenario is 

possible in human cells using a 9-compound cocktail, through which differentiation 

was achieved within 30 days (Cao et al., 2016). This provides many exciting 

opportunities. For example, these chemically induced cardiomyocytes could enable 

faster and more efficient patient-specific risk stratification for situations in which a 

clinician must decide what drug and at what dose a patient should be treated to avoid 

side effects and other adverse events. This would bring personalized medicine one 

step closer to reality. However, uniform and validated protocols must still be 
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developed, as well as the ability to culture fully mature adult-like cardiomyocytes that 

accurately reflect the function of the human heart. 

One puzzling trait found in LQT cardiomyocytes is the abolishment of 

arrhythmic activity or abnormal mechanical beating behaviour at the multicellular 

level. Studying this phenomenon may prove to be very challenging but may also 

provide valuable insights into cardiac function. The abolishment of abnormal 

behaviour in multicellular cardiomyocyte clusters suggests that these clusters possess 

some sort of compensatory or reserve mechanism. If the compensatory mechanisms 

fail, this may cause life-threatening arrhythmias to develop. It is currently unknown 

whether abnormal electrical and/or mechanical behaviour are universally present in 

cells acquired through other cardiac differentiation methods or whether they are 

specifically related to the END-2 cardiac differentiation method. Video analysis 

cannot distinguish between different cardiomyocyte subtypes; therefore, it could be 

interesting to determine which specific subtypes express abnormal mechanical 

beating behaviour. 

Currently, it is unknown why EADs are spontaneously expressed at baseline in 

cardiomyocytes harbouring G589D mutation. To determine the differences between 

normally beating and spontaneously EAD expressing G589D cardiomyocytes, one 

could employ genomic-scale gene expression profiling using RNA-seq data, which 

has been previously used to accurately track gene expression changes during e.g. 

differentiation (Wang et al., 2009). Thus, RNA-seq may provide a technique to 

accurately determine the gene expression changes between normally beating and 

spontaneously EAD expressing G589D cardiomyocytes. 

The effects of hypokalemia to the cardiac conduction system could be 

investigated with MEAs using monolayer of cardiomyocytes based approach. 

Evidence suggests that hypokalemia slows the conduction velocity in contractile 

ventricular myocardium (Osadchii, 2010). Thus, the use of a monolayer-based MEA 

system could provide a favourable study platform for investigating the effects of 

hypokalaemia at the multicellular level. Because calcium homeostasis seems to be 

affected in hypokalaemic conditions, it would be interesting to study calcium 

homeostasis and calcium-related channels, such as NCX channels, in LQT 

cardiomyocytes under such conditions. 

Given that LQT1 cardiomyocytes have impaired IKs function, it could be 

interesting to study the effects of novel IKs activators (e.g., ML277) on hiPSC-derived 

LQT1 cardiomyocytes carrying Finnish founder mutations. Currently, there is no 

specific treatment for LQTS, and interest in developing potassium ion channel 

activators as therapeutic agents has increased in recent years. ML277 could prove to 
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be one such therapeutic agent. As LQTS disease models have been established, it 

should be very straightforward to test the effects of this compound. It would also be 

interesting to determine whether abnormal mechanical beating behaviour or EADs 

at baseline in cardiomyocytes carrying the G589D mutation would be abolished with 

ML277.   
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7 Conclusions 

The aims of this dissertation were to develop novel software for analysing MEA data 

from hPSC-derived cardiomyocytes and to investigate the effects of various 

cardioactive drugs as well as hypokalaemia on these cardiomyocytes. Based on the 

above-described studies, the following conclusions can be made: 

 

 

 Novel software (CardioMDA) was developed for analysing MEA data from 

hPSC-derived cardiomyocytes that will improve the accuracy, reliability and 

throughput rate of such analysis. CardioMDA will improve future analyses 

of hPSC-derived cardiomyocytes.  

 

 At baseline, LQT1 and LQT2 cardiomyocyte clusters showed more 

prolonged FPDs than WT cardiomyocytes, confirming previous 

observations made using single LQT1 and LQT2 cardiomyocytes. Although 

certain tested drugs systematically prolonged FPD and induced arrhythmia, 

no definite conclusion could be drawn regarding whether LQT1 or LQT2 

cardiomyocyte clusters are more susceptible to drug-induced FPD 

prolongation and arrhythmia than WT cells based on MEA analysis.  

 

 At baseline, LQT1 cardiomyocytes showed more prolonged repolarization 

times than WT cardiomyocytes. The lowering of K+ concentration resulted 

in concentration-dependent changes in repolarization time in hiPSC-derived 

cardiomyocytes. LQT1 cardiomyocytes appeared to be more sensitive to 

hypokalaemia-induced effects than WT cardiomyocytes. Specifically, 

cardiomyocytes carrying the ivs7-2A>G mutation were the most sensitive 

to hypokalaemia among the cell lines studied based on the prolongation of 

repolarization time. Furthermore, only cardiomyocytes carrying the G589D 

mutation exhibited early afterdepolarizations under hypokalaemic 

conditions.  
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Abstract

Cardiac safety pharmacology requires in-vitro testing of all drug candidates before clinical trials in order to ensure they are
screened for cardio-toxic effects which may result in severe arrhythmias. Micro-electrode arrays (MEA) serve as a
complement to current in-vitro methods for drug safety testing. However, MEA recordings produce huge volumes of data
and manual analysis forms a bottleneck for high-throughput screening. To overcome this issue, we have developed an
offline, semi-automatic data analysis software, ‘Cardiomyocyte MEA Data Analysis (CardioMDA)’, equipped with correlation
analysis and ensemble averaging techniques to improve the accuracy, reliability and throughput rate of analysing human
pluripotent stem cell derived cardiomyocyte (CM) field potentials. With the program, true field potential and
arrhythmogenic complexes can be distinguished from one another. The averaged field potential complexes, analysed
using our software to determine the field potential duration, were compared with the analogous values obtained from
manual analysis. The reliability of the correlation analysis algorithm, evaluated using various arrhythmogenic and
morphology changing signals, revealed a mean sensitivity and specificity of 99.27% and 94.49% respectively, in determining
true field potential complexes. The field potential duration of the averaged waveforms corresponded well to the manually
analysed data, thus demonstrating the reliability of the software. The software has also the capability to create overlay plots
for signals recorded under different drug concentrations in order to visualize and compare the magnitude of response on
different ion channels as a result of drug treatment. Our novel field potential analysis platform will facilitate the analysis of
CM MEA signals in semi-automated way and provide a reliable means of efficient and swift analysis for cardiomyocyte drug
or disease model studies.
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Introduction

Cardiac safety pharmacology testing is used to identify drug-

induced complications, such as prolongation of the QT interval,

due to several cardiac and non-cardiac drugs. The prolongation of

QT-interval has been linked with the occurrence of severe

arrhythmias which have often proved to be fatal [1] [2]. As a

result of cardio-toxic effects, many drugs have been withdrawn

from the market or advanced stages of preclinical drug develop-

ment. To avoid such undesired consequences regulatory author-

ities such as Food and Drug Administration (FDA) and European

Medicines Agency (EMEA) require in vitro testing for all drug

candidates to reveal potential risks of QT-interval prolongation

before clinical experiments.

In vitro preclinical testings have shown to reduce cost, time and

failed clinical trials [3] [4]. Multi-electrode arrays (MEAs) can be

used to study cellular electrophysiology of cardiomyocytes (CMs) at

the cell population level. The use of MEA is a well-accepted

technique for recording electrical signals from excitable cells and

tissues with high spatial and temporal resolution [5] [6]. The cell

culture dish with MEA has surface embedded electrodes that can

sense changes in the electrical activity of the cells. The signals

recorded are extracellular field potentials generated by the CMs [7].

Earlier studies have shown that the extracellular field potential

recordings can be used to determine characteristics of the cardiac

action potential such as the field potential duration (FPD), which

correlates closely with the QT-interval in the electrocardiogram

(ECG) [8] [9]. As a result, the MEA platform has been used

extensively in the study of human pluripotent stem cell (hPSC)

derived CMs [10–13] and in vitro electrophysiological drug testing

[14–17].

MEA recordings can generate large volumes of data as several

electrodes from each individual recording contain useful informa-

tion. Traditionally, data from MEA recordings have been analysed

manually which is labour-intensive, slow and often user depen-

dent. Manual data analysis forms a bottleneck for high-throughput

screening and can sometimes be unreliable due to poor quality of

the signals. Commercial software for CM MEA data analysis
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(Cardio2D+, Multichannel Systems Reutlingen, Germany),generic

software (e.g. Spike2 – Cambridge electronic design, Labchart –

AdInstruments, ClampFit – Molecular devices) that can be utilized

for cardiomyocyte MEA data analysis or other assay services

(QTempo, Reprocell, Japan) are currently available for cardio

toxicity testing but most of them suffer certain drawbacks. For

example, the Cardio2D+ analysis software allows averaging of

multiple field potential complexes for data analysis but requires its

own specialized recording software. Moreover, it requires data to

be in its native format, thereby rendering data from other sources

incompetent. MATLAB (Mathworks, Inc., Natick, Massachusetts,

United States) based programs and some custom-made MATLAB

Figure 1. Flowchart representing the workflow of CardioMDA. On execution of the program, the graphical user interface (GUI) opens up. In
phase I, the user loads the data that is to be analysed. The program automatically pre-processes to remove noise and after peak detection, the user is
prompted to select a template for analysis. During correlation analysis, the program checks for field potential complexes whose correlation coefficient
satisfies the user-defined correlation factor and produces an average waveform. In phase II, the program allows the user to define the onset and
offset, either automatically using the built-in algorithms, or manually by the user. The process is repeated for upto ten signals and the field potential
duration and other parameters are compared. The results can be saved for future reference.
doi:10.1371/journal.pone.0073637.g001
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toolboxes [19–22] have been developed for signal analysis but

these programs require MATLAB to run and, with the exception

of MEA-tools, they are not available in open source. MEA

recordings from three-dimensional CM aggregates exhibit varia-

tion in signal amplitude and shape due to distance and orientation

between the source and the electrode surface [18]. As a result, the

signal-to-noise ratio (SNR), depicting the quality of the recorded

signals, may vary between different cardiac cell populations.

Moreover, the detection of sporadically occurring arrhythmic

complexes also poses a challenge to researchers, who often have to

screen large volumes of data to identify such morphology changes

as a result of drug treatment.

The aim of the study was to develop a field potential analysis

software platform to facilitate evaluation of drug response in CMs and

compare the FPD prolongation against different drug concentrations.

Here, we present our offline, semi-automatic software ‘Cardiomyo-

cyte MEA Data Analysis (CardioMDA)’, which is designed to

improve the accuracy, reliability and throughput rate for drug

screening and analysis. We demonstrate the usability and capability

of the software using human induced pluripotent stem cell (iPS cell)

derived CMs. The software is validated by calculating the mean

sensitivity and specificity of true field potential detection using several

arrhythmogenic and morphology changing signals. In addition, the

software based analysis outcomes are compared to manual analysis

results to establish the reliability of the analysis software.

Material and Methods

Human iPS cell generation, cell culture and cardiac
differentiation

The study was approved by the ethical committee of Pirkanmaa

Hospital District (R08070) and written informed consent was

obtained from all the participants. Human iPS cells were

generated as described earlier [23]. Control human iPS cells

(UTA.04602.WT) [24] were cultured in knockout serum-replace-

ment (KSR) medium using mouse embryonic fibroblasts (MEF;

Millipore, Billerica, MA) as feeders. The components of KSR

medium are: knockout (KO)-DMEM (Invitrogen) containing 20%

KO-serum replacement (KO-SR, Invitrogen), nonessential amino

acids (NEAA), Glutamax, penicillin/streptomycin, 0.1 mM 2-

mercaptoethanol and 4 ng/ml fibroblast growth factor 2 (FGF2)

(bFGF, R&D Systems Inc., Minneapolis, MN, USA). The medium

was refreshed three times a week and the human iPS cells were

passaged weekly using collagenase IV (Invitrogen). Human iPS

cells were differentiated into CMs in co-culture with mouse

visceral endoderm-like END-2 cells [25] (a kind gift from Christine

Mummery, Hubrecht Institute, Utrecht, The Netherlands). The

END-2 differentiation method has been described elsewhere [25].

In vitro field potential recordings and data analysis
Beating aggregates of CMs were manually dissected and plated

on 6-well MEAs (6-well MEA 200/30iR-Ti-tcr, Multichannel

Systems, Reutlingen, Germany), which were first coated with fetal

bovine serum (FBS, Invitrogen) for 30 minutes at room temper-

ature and then with 0.1% gelatine (Sigma Aldrich) for 1 hour at

room temperature. The CM aggregates were cultured in EB-

medium: KO-DMEM with 20% FBS, NEAA, Glutamax and

penicillin/streptomycin. The field potentials of spontaneously

beating aggregates of CMs were recorded at +37uC with the MEA

platform (MEA1060-Inv-BC, Multichannel Systems, Reutlingen,

Germany) using 20 kHz sampling frequency and MC_Rack

(Multichannel Systems, Reutlingen, Germany) software. The

MEAs were covered with gas-permeable membranes (ALA

MEA-SHEET, ALA Scientific) during recordings. For drug tests,

Figure 2. Screenshot of the graphical user interface for CardioMDA. The screenshot presents the Load panel of the CardioMDA software
with its interactive interface options and basic signal information. Once the template has been selected, the user then moves to the Average panel to
set and execute the correlation analysis. Compare, Analyze and Statistics panel are used to measure the field potential duration and compare it with
other drug concentrations.
doi:10.1371/journal.pone.0073637.g002
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the CMs were cultured in 5% FBS containing EB medium. The

hERG channel blocker E-4031 (Sigma Aldrich), Sotalol (Sigma

Aldrich), JNJ303 (Tocris Bioscience) and Esmolol (Brevibloc,

Baxter) were diluted in culture medium for a concentration range

of 100–700 nM, 1.6–19.4 mM, 1–7.5 mM and 84–168 mM

respectively. Baseline conditions as well as drug effects were

recorded for 2 minutes after a 2 minute drug wash-in. The FPDs

and beating rates from the recordings were analysed offline by

ClampFit (Molecular Devices) and by our CardioMDA software

for comparison studies. Twenty five field potential complexes for

each individual recording from the raw data were analysed

manually and the mean FPDs were compared to the correspond-

ing averaged signal FPDs obtained using CardioMDA.

System requirements and data format
CardioMDA is available in the executable file format and

requires about 6 Mb of free hard disk space. The program will run

on any system running Matlab 7.13 (The MathWorks Inc., Natick,

Massachusetts, United States) or a system installed with the

Matlab Compiler Runtime version 7.16 (The MathWorks Inc.,

Natick, Massachusetts, United States). The current version has

been tested on Matlab R2011b running on Microsoft Windows 7

(Microsoft Inc., Seattle, United States) platform and is available in

both 32-BIT and 64-BIT file formats.

The signals of CMs recorded using MEA1060-Inv-BC amplifier

(Multichannel Systems Reutlingen, Germany) or similar, are in the

native. mcd format. The current version of the program will only

support files in the ASCII format, converted using the MC_Da-

taTool (Multichannel Systems, Reutlingen, Germany) software.

Figure 3. Unstable signal morphology as a result of drug treatment. Signal showing changing morphology as a result of drug treatment.
Field potential complex I and field potential complex II have different signal properties in terms of amplitude and duration, thereby accentuating the
need for correlation analysis.
doi:10.1371/journal.pone.0073637.g003
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Signals from multiple electrodes can be recorded on a single

ASCII file with header lines containing information on the

available electrodes, which is essential during analysis.

Program description
The flowchart of the CardioMDA module is shown in Fig. 1.

On execution of the program and opening of the graphical user

interface (GUI), the first step involves importing data that needs to

be examined. This can be performed at two different stages: Phase

I – for correlation analysis and averaging or Phase II – for

evaluation of FPDs.

In Phase I, raw signals are imported for analysis and the

available electrodes are indicated on the program interface to

assist the user in choosing electrodes that needs to be analysed.

After pre-processing and peak detection, a template, which is used

as a comparison standard all detected field potential complexes, is

selected for cross correlation analysis and ensemble averaging. In

phase II, signals that have already undergone Phase I processing

are imported for in-depth analysis and quantization of FPD

prolongation due to drug injection. Up to ten different signals can

be analysed simultaneously in the phase II stage.

Pre-processing. Low-pass Butterworth filter of order 5 with

a cut-off frequency of 200 Hz is implemented to attenuate noise

that may affect signal quality. For correlation analysis, it is

essential that all the field potential complexes in the signal are

detected accurately. A simple window-threshold based technique

has been adapted for our software.

Correlation analysis. Correlation analysis plays an integral

role in identifying arrhythmogenic or morphology changing

signals as a result of drug treatment. Correlation analysis is

performed to identify field potential complexes that closely

resemble the selected template [26] [27]. In our program, the

template can either be chosen as default, which denotes the

selection of the field potential complex positioned at the centre of

the total recording duration, or manually, allowing the user to

select a field potential complex that best reflects the effect of drug

on the cells. The cross correlation function then measures the

degree of similarity between the chosen template and all detected

field potential complexes. The correlation coefficient is computed

as the sum of the products of corresponding pairs of points from

the two complexes within a specified time window. The formula

for cross correlation is represented as:

Figure 4. Comparison of correlation analysis results with different values of correlation factor. An illustration of the correlation analysis
procedure for morphology changing (top row) and arrhythmogenic signals showing premature activation (bottom row) for different correlation
factors is shown. The field potential complexes in green have a correlation coefficient greater than correlation factor and are identified as true field
potential complexes (accepted for averaging) whereas those in red are identified as true negatives (rejected for averaging). The black line presents
the morphology of averaged signal. In both cases, it can be seen that for lower value of correlation factor (0.93), a number of false positives occur,
causing a significant change in the morphology of the averaged waveform. From the bottom row, it can be seen that a higher correlation factor (0.98)
is more accurate in identifying the true field potential complexes.
doi:10.1371/journal.pone.0073637.g004
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c1,2(n)~
1

N
x1

XN{1

j~0

x1(j)x2(jzn)

Where N represents the number of samples in the time window, n

is the overlap factor and x1 and x2 are the signals. The factor 1/N

is used to normalize the results based on the number of sample

points. The value of c1,2 determines the level of similarity between

the two signals. A user-defined correlation factor (CF) determines

the level of similarity required to pool the data for averaging. All

the field potential complexes whose correlation coefficients are

equal or greater than the pre-defined CF are ensemble averaged to

produce the representative field potential complex. The resulting

average waveform has been shown to represent a general

morphology of the field potential complexes present in the raw

signal [28] [29].

Field potential duration onset and offset detection. The

detection of the beginning and end-point of the FPD (onset and

offset points, respectively) is essential for reliable data analysis.

Here, automatic onset detection was formulated based on

amplitude changes at every sample point in the signal with respect

to subsequent amplitudes within a particular time frame.

Trapezium’s area method (TRA) proposed by Vázquez-Seisdedo-

setal.[30] to identify the end of T wave is adapted for offset

detection and is based on calculation of successive areas of a

rectangular trapezium with three fixed vertices and one moving

point vertex. The moving point vertex shifts from detected valley-

Table 1. Cross correlation results for normal, arrhythmogenic and morphology changing signals with different values of
correlation factors.

MEA recording from hiPSC-CMs CF TP FP TN FN PPV Sensitivity Specificity

Normal signal

Baseline 0.88 136 2 0 0 98.55% 100% –

0.93 136 2 0 0 98.55% 100% –

0.98 136 0 2 0 100% 100% 100%

Morphology changing signal

E-4031 400 nM + Esmolol – 84 mM 0.88 38 20 0 0 65.52% 100% –

0.93 38 6 14 0 86.36% 100% 70%

0.98 38 2 18 0 95% 100% 90%

Arrhythmogenic signal

E-4031 – 700 nM 0.88 59 27 0 0 68.61% 100% –

0.93 59 7 20 0 89.39% 100% 74.07%

0.98 59 3 24 0 95.16% 100% 88.89%

CF-Correlation factor, TP-True positive, FP-False positive, TN-True negative, FN-False negative, PPV-Positive predictive value.
From the table, it can be seen that PPV and specificity show significant improvement with an increase in CF. Experimental results have shown that CF between the
ranges of 0.96–0.98 produce consistent results.
doi:10.1371/journal.pone.0073637.t001

Table 2. Statistical measure of performance in accurately detecting true field potential complexes in arrhythmogenic and
morphology changing signals using cross correlation with CF = 0.98.

MEA recording from hiPSC-CMs TP FP TN FN PPV Sensitivity Specificity

Arrhythmogenic signals

E-4031 – 10 nM 141 0 9 0 100% 100% 100%

E-4031 – 100 nM 281 3 24 2 98.94% 99.34% 88.89%

E-4031 – 700 nM 59 3 24 0 95.16% 100% 88.89%

E-4031 – 700 nM 22 2 51 0 91.67% 100% 96.23%

Morphology changing signals

E-4031 400 nM + Esmolol 84 mM 38 2 18 0 95% 100% 90%

E-4031 – 700 nM + Esmolol 84 mM 37 2 71 2 94.87% 94.87% 97.26%

E-4031 – 700 nM + Esmolol 168 mM 37 1 167 0 97.36% 100% 99.41%

E-4031 – 1000 nM+ Esmolol 168 uM 44 1 20 0 97.78% 100% 95.24%

Average: 96.35% 99.27% 94.49%

CF-Correlation factor, TP-True positive, FP-False positive, TN-True negative, FN-False negative, PPV-Positive predictive value.
Sensitivity, specificity and PPV show consistent results for different datasets of arrhythmogenic and morphology changing signals. Results indicate that the correlation
analysis is highly sensitive and specific in detecting field potential complexes. A mean PPV of 96.35% indicates that true field potential complexes are detected with a
high degree of accuracy, irrespective of the type of signal being analysed.
doi:10.1371/journal.pone.0073637.t002
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point after the activation peak to the last available sample point

while the total trapezium area is computed and the point at which

the area is maximum can be defined as the offset. From the onset

and offset points, the program computes the FPD, corrected FPD

(cFPD) using Bazett’s equation and the area under the curve.

Bazett’s equation is used to normalize FPD measurements to the

beating rate of contracting cardiac cells [15].

Graphical User Interface (GUI)
The interface is divided into five panels: The Load panel for data

and signal information, Average panel for the correlation analysis,

Analyze panel for onset and offset detection, Compare and Statistics

panels to study the properties and differences between drug

concentrations. Each panel has its own set of icon buttons to

perform different functions. The tool tip strings describe the basic

function of each user interface button, thereby assisting new users

for ease of operation. All analysis results and overlay plots can be

saved for future reference. Fig. 2 shows the screenshot of

CardioMDA GUI with the load panel on display.

Statistical analysis
Sensitivity and specificity analysis are used to evaluate the

performance of the correlation analysis technique used in this

study. In order to define these measures, it is essential to have a

fundamental understanding of the following terms: TP – number

of true positives (field potential complex resembles the selected

template and the correlation coefficient is equal or greater than

CF); FP – number of false positives (field potential complex does

not resemble the template selected but the correlation coefficient is

greater than or equal to CF); TN – number of true negatives (field

potential complex does not resemble the template and the

correlation coefficient is lesser than CF); and FN – number of

false negatives (field potential complex resembles the template but

the correlation coefficient is lesser than CF). Sensitivity is the

proportion of field potential complexes which satisfy the CF and

are correctly classified as those which adequately resemble the

selected template.

Sensitivity~
TP

TPzFN

Specificity is the proportion of complexes which do not satisfy

the CF criterion and are correctly classified as dissimilar to the

template.

Figure 5. Illustration of smoothing effect after ensemble averaging. N denotes the number of ensembles used for averaging. The resulting
waveform from ensemble averaging is smoother when the number of ensembles being averaged is higher.
doi:10.1371/journal.pone.0073637.g005

Table 3. Field potential duration prolongation with increased hERG channel blocker E-4031 drug concentrations.

Manual analysis of raw data Analysis using CardioMDA

Mean ± S.D. Mean

E-4031 drug concentration FPD (ms) BR (bpm) FPD (ms) BR (bpm)

Baseline 300.3468.81 12862.4 306 127

E-4031–100 nM 306.0569.84 13562.5 313.5 134

E-4031–300 nM 329.57610.30 13062.0 331.2 129

E-4031–500 nM 360.50610.7 12261.2 364.1 122

E-4031–700 nM 410.93614.0 11360.86 423.9 112

Abbreviations: FPD- field potential duration, BR-beating rate.
Mean and S.D. of field potential durations from manually analysed field potential complexes (n = 25) were compared to those of corresponding averaged signals from
CardioMDA in a drug dataset depicting the effect of E-4031 on human iPSC-derived CMs. The field potential duration rises as a result of increasing drug concentration.
From the results obtained using our software, it can be seen that the changes in field potential duration correspond well to values obtained from manual analysis.
doi:10.1371/journal.pone.0073637.t003
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Specificity~
TN

TNzFPð Þ

The positive predictive value (PPV) signifies the proportion of

field potential complexes with a positive CF which actually

resemble the selected template.

Positive predictive value~
TP

TPzFPð Þ

Results and Discussion

Cardiac drug safety screening is of big concern in the

pharmaceutical industry. The withdrawal of several unsafe drugs

from the market accentuates the need for systemic screening

during the drug development phase. Analysing methods include

organ models such as Langendorff heart and cell models such as

conventional electrophysiology with patch clamp systems on CM

and heterologous expression systems [8]. Traditionally, the patch

clamp technique has been regarded as the golden standard to

determine electrical properties of the cells but it needs highly

skilled operator and is time intensive, therefore making it

unsuitable for high-throughput screening [4]. Moreover, currently

available methods are not fully adequate to reveal adverse

repolarisation effects of potential new drug candidates [31] [32].

The MEA platform together with hPSC-derived CMs may serve

as a complement to current methods for screening new drugs. The

recent hardware development in the MEA-technology has led to

the capability of acquiring large volumes of data. For example,

hardware from Multichannel Systems (MCS, Germany) allows

recording of electrical activity from up to 252 electrodes (USB-

MEA256) and up to nine different cell populations (256–9 well

MEA) at once. Although the actual MEA recordings are relatively

simple and time-efficient, the development of software for data

analysis has fallen behind. The manual data analysis is demanding

and has been a bottleneck for high-throughput screenings. To

perform these screening tests in a time efficient and systemic

manner, we formulated the CardioMDA that is intended to be

useful for researchers working with CMs. The software is

interactive and requires no specific programming knowledge as

all the functions are available on the intuitive graphical user

interface.

Figure 7. Overlay plot showing the effect of sotalol on field
potential duration and signal shape. As a result of drug treatment,
the repolarisation wave peak, which corresponds ECG T-wave, is
prolonged due to increasing concentration of Sotalol. However, the
offset point of field potential duration is similar between different
Sotalol concentrations.
doi:10.1371/journal.pone.0073637.g007

Figure 8. Overlay plot showing effect of IKs-blocker JNJ303 on
field potential duration and signal shape. Similar to Sotalol,
JNJ303 prolongs the repolarisation wave peak but the field potential
duration offset point is similar between different JNJ303 concentrations.
doi:10.1371/journal.pone.0073637.g008

Figure 6. Overlay plot showing the effect of hERG potassium
channel blocker E-4031 on field potential duration. As a result of
E-4031 treatment, the increase in field potential duration is dependent
on the concentration of the drug. The effect of the drug can most
prominently be seen at the repolarisation wave peak as a change of
signal amplitude and the prolongation of the repolarisation wave peak
compared to baseline signal. The effect of the drug can also be seen as
a prolongation of the offset point at the end of the field potential cycle.
doi:10.1371/journal.pone.0073637.g006
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Correlation analysis and ensemble averaging
Although several studies have successfully adapted the correla-

tion technique for ECG beat detection and location of fiducial

points (landmarks of ECG such as onset of P wave) [27] [33] [34],

the correlation algorithm has not been tested on electrical activity

recorded from CMs plated on MEA. The significance of using this

method lies in its ability to accurately and consistently determine

true field potential complexes in morphology changing or

arrhythmogenic signals. Likewise, by choosing an arrhythmogenic

field potential complex as template, the incidence of arrhythmo-

genic behaviour in the recording can be determined. This greatly

simplifies the task of manually screening the datasets to identify

arrhythmogenic behaviour. Fig. 3 shows an example of how the

drug affects the morphology of the signal and the importance of

choosing an appropriate template for the analysis.

To evaluate the results of correlation analysis, stable, morphol-

ogy changing and arrhythmogenic signals were examined and

were subject to analysis with different values of correlation factors

(CFs). Arrhythmogenic signals showing premature activation were

obtained by applying a hERG potassium channel blocking drug E-

4031 to the CM aggregates. Morphology changing signals (see

example in Fig. 3) were obtained when E-4031 challenged CM

aggregates were treated with b-blocker Esmolol. The same

template was chosen each time for different signal set (normal,

morphology changing and arrhythmogenic signals) and analysed

using different CF values. Fig. 4 shows how the identification of

true field potential complexes is affected by CF. Sensitivity and

specificity of determining true field potential complexes were

calculated for these datasets, as shown in Table 1, to ensure the

results are consistent. It can be observed that with increasing CF,

there is a significant increase in positive predicted value (PPV) and

specificity, irrespective of the type of signal being analysed.

To ensure the algorithm produces consistent results, analysis

was performed on multiple datasets. Table 2 presents the outcome

from this study. The mean sensitivity and specificity for accurately

detecting true field potential complexes with CF set at 0.98 were

99.27% and 94.49%, respectively. The algorithm also exhibited a

mean PPV of 96.35%, which indicates that the detection

algorithm is accurate. However, extremely high CF may render

a very rigid selection criterion, greatly reducing the number of

ensembles available for averaging. Therefore, the CF should be

chosen prudently such that a right balance is achieved between

statistical performances and averaging. From experiments, it was

determined that CF values in the range of 0.96–0.98 were optimal

for correlation analysis. However, the user needs to consider the

degree of similarity that needs to be attained between the selected

template and field potential complexes to satisfy the selection

criterion. In some studies, the signal shape may prove to be trivial

and therefore a less stringent CF will suffice the study protocol.

Cross correlation has been used extensively for beat detection

and averaging ECG waveforms to remove artefacts [35–36].

Variations from the cross correlation algorithms in ECG have also

been successful and computationally efficient [37]. However, to

our knowledge these tools have not been used in MEA analysis.

The correlation interval is an important parameter to consider

while making correlation analysis. If the interval is too large, the

components of the adjacent field potential complex maybe

considered for correlation whereas, on the other hand, if the

interval is too small, the desired portions of the signal may not be

considered [27]. In order to ensure that such discrepancies are

avoided, we chose the smallest beat-beat duration as the

correlation interval.

Ensemble averaging has been shown to be effective for noise

attenuation [38]. Higher number of ensembles produces a better

SNR which conceives a smooth average of the field potential

complexes. For ensemble averaging, precise synchronization of

field potential complexes is vital. The averaging accuracy depends

on the accurate definition of fiducial points in the field potential

complexes and the constant time interval between the point and

signal being analyzed. In our study, the normal field potential

complexes were aligned with the window centred on the detected

QRS-like complex as the variability between beats was found to be

minimum. The smallest beat-to-beat interval was chosen as the

window length for the alignment. The number of ensembles

recorded during a period of 2 minutes from each cardiac

aggregate varied across different recordings. As illustrated in

Fig. 5, it was observed that the signal was smoother as the number

of ensembles increased. However, inaccurate alignment of the

ensembles could cause a low pass filtering effect [39] which might

suppress the high frequency components during averaging. Laciar

et al. [40] have shown that an alignment error of 1 millisecond

(ms) corresponds to a low pass filter of cut-off frequency 133 Hz for

ECG measurements. In order to avoid filtering effects of ensemble

averaging, it is ideal that the alignment errors are less than 0.5 ms

[40].

Field potential duration measurements
Although several approaches have claimed to be successful in

accurately determining the onset and offset of ECG [41–46], they

have limited utility in the MEA field potential analysis as the MEA

depolarisation and repolarisation phases may exhibit much more

diverse waveforms with narrow amplitude gradients and several

diverse morphological features: positive, negative, only upwards,

only downwards or biphasic waveforms. One source of variability

could be the three-dimensional CM aggregates used in MEA

analysis. These aggregates exhibit more variation in signal shape

between the recordings and between the different electrodes due to

their three-dimensional structure and spatial variability with

respect to the MEA electrodes. This constitutes a major challenge

in developing robust automated algorithms for the analysis of CM

MEA signals. Due to such inherent variability in geometry, the

onset and offset determined using our indigenously developed

automatic detection algorithms have been ambivalent. Another

possible cause for ambiguity could be due to differences in

perception. Different studies have shown that researchers have

chosen these fiducial points based on individual reasoning and

observation. For example, some studies have considered repolar-

isation wave peak as the offset whereas several other researchers

have chosen the absolute end of the repolarisation phase to

determine the FPD [17] [47] [48]. In order to overcome these

issues, the CardioMDA facilitates the use of operator’s discretion

to decide between automatic/manual determinations of the onset

and offset.

We investigated the reliability and efficiency of the CardioMDA

in determining the FPD of CMs by applying known hERG

potassium channel blocker E-4031 [41] to the human iPSC

derived CMs and comparing the results to the manual analysis. As

a result of hERG channel block, the FPD is prolonged due to

increasing concentration of the drug [15] [16]. The signals

recorded after every drug challenge were averaged and manually

annotated for onset and offset using our software. Concurrently,

the raw signal data for each drug concentration was analysed

manually and compared with the results obtained from the

averaged signal. Table 3 shows the comparison results between the

raw signal data and averaged data. The mean and standard

deviation (S.D.) of FPD from the raw signal data rises due to the

increasing E-4031 concentration. The FPD measurements ob-

tained from the averaged signal corresponded well with the raw
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PLOS ONE | www.plosone.org 9 September 2013 | Volume 8 | Issue 9 | e73637



signal measurements, indicating that the results from the

CardioMDA are consistent.

Despite having statistical information of the FPD prolongation,

the differences in FPD do not reveal either the dynamics of

different ion channels or the magnitude of response as a result of

drug treatment. To be able to better understand these changes in

the ion channels, we have incorporated an overlay chart, which

allows up to 10 different signals recorded under different drug

concentrations, to be plotted for visual comparison. Fig. 6 is an

example of the overlay chart, which depicts the effect of the hERG

blocker E-4031 used in our experiment. From Fig. 6, it can be

observed that the FPD and repolarisation wave peak is prolonged,

and the amplitude of the initial sodium spike and repolarisation

wave (which corresponds to the ECG T-wave) decreases as a result

of increasing E-4031 concentration.

The offset point of the field potential cycle is most substantial

when assessing the effect of cardiac ion channel blocking drugs as

the FPD correlates with the QT-interval in ECG [8] [9]. Although

most drugs have been shown to prolong the FPD [15] [16], some

drugs do not seem to have effect on the offset point of the field

potential cycle. Rather, the effect is concentrated on the initial

repolarisation wave phase as seen in the case of anti-arrhythmic

drug Sotalol (Fig. 7) and potassium channel IKs blocking drug

JNJ303 (Fig. 8). When analysing these types of signals manually, it

is hard to distinguish repolarisation wave prolongation for different

drug concentrations. With the CardioMDA overlay feature, these

acute changes in morphology can be observed. The prolongation

of the repolarisation wave due to increasing drug concentration

could be used to determine the relative QT-interval prolonging

effect of drugs on CMs.

Conclusion

CardioMDA has been shown to be suitable for analysing MEA

signals from human iPS cell derived CMs, which can be used in

the pre-clinical context for assessing the safety of new drugs or

screen candidate drugs in patient-specific cardiac disease model-

ling. Traditionally, the FPD is determined manually by examining

several field potential complexes from the raw data or averaging

determined number of field potentials [38]. Our solution is to use

cross correlation method to identify the representative field

potential complexes based on a pre-selected templates. These

methods enable automatic determination of single or multiple field

potential complexes to represent the data for further detailed

analysis and visualization. The accurate determination of onset

and offset for calculating FPD from raw signals is often tedious due

to noise. Moreover, manual data analysis has proven to be time-

consuming, work-demanding and the results are usually user

biased. Based on the template method, these discrepancies can be

overcome and it provides a means for reliable FPD analysis. Apart

from eliminating ambiguity in the results obtained manually, there

are several benefits with the use of CardioMDA. The software is

capable of screening large datasets when compared to manual

analysis and ensures increased work and time efficacy as only one

averaged signal representing each cardiac cell population needs to

be analysed. At present, we are not aware of any similar software

that is available in open source. As there is increased use of hPSC-

derived CMs for drug screening with MEA [15] [16] [49][50],

there is a significant demand for faster and consistent analysis

methods. We believe our software will provide a reliable means of

efficient and swift analysis for future studies.

Availability
The CardioMDA has been designed to facilitate the data

analysis of MEA recordings obtained from CM cell aggregates and

is available for registered users. Website for downloading the

program: www.biomeditech.fi/CardioMDA.
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Abstract 

Human induced pluripotent stem cells (hiPSC) have enabled a major step forward in pathophysiologic studies of 
inherited diseases and may also prove to be valuable in in vitro drug testing. Long QT syndrome (LQTS), characterized 
by prolonged cardiac repolarization and risk of sudden death, may be inherited or result from adverse drug effects. 
Using a microelectrode array platform, we investigated the effects of six different drugs on the electrophysiological 
characteristics of human embryonic stem cell‑derived cardiomyocytes as well as hiPSC‑derived cardiomyocytes from 
control subjects and from patients with type 1 (LQT1) and type 2 (LQT2) of LQTS. At baseline the repolarization time 
was significantly longer in LQTS cells compared to controls. Isoprenaline increased the beating rate of all cell lines 
by 10–73 % but did not show any arrhythmic effects in any cell type. Different QT‑interval prolonging drugs caused 
prolongation of cardiac repolarization by 3–13 % (cisapride), 10–20 % (erythromycin), 8–23 % (sotalol), 16–42 % (qui‑
nidine) and 12–27 % (E‑4031), but we did not find any systematic differences in sensitivity between the control, LQT1 
and LQT2 cell lines. Sotalol, quinidine and E‑4031 also caused arrhythmic beats and beating arrests in some cases. 
In summary, the drug effects on these patient‑specific cardiomyocytes appear to recapitulate clinical observations 
and provide further evidence that these cells can be applied for in vitro drug testing to probe their vulnerability to 
arrhythmia.
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Cardioactive drug, Arrhythmia
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Background
Inherited long QT syndrome (LQTS) is a potentially 
severe arrhythmic disease that affects the electrical repo-
larization of the myocardium and manifests as an abnor-
mally long QT interval on electrocardiogram (ECG) 
recordings. LQTS may result in polymorphic ventricular 
tachycardias known as torsades de pointes (TdP), which 
can ultimately lead to life-threatening ventricular fibrilla-
tion and sudden cardiac death (Schwartz et al. 2013).

Inherited forms of LQTS typically result from muta-
tions in cardiac ion channel coding genes. In the case 
of LQT type 1 (LQT1), the mutations are present in 
the KCNQ1 gene which encodes the α-subunit of the 
slow component of the delayed rectifier potassium cur-
rent (Kv7.1) (Wang et al. 1996), whereas LQT2 is caused 
by mutations of the KCNH2 gene which encodes the 
α-subunit of the rapid component of the delayed rectifier 
potassium current (Kv11.1) (Sanguinetti et al. 1995). Four 
founder mutations in these two genes have been found to 
explain the high (0.4 %) prevalence of LQTS in the Finn-
ish population (Marjamaa et  al. 2009). The most preva-
lent of these founder mutations is the C-terminal KCNQ1 
G589D missense mutation, resulting in a dysfunctional 
assembly domain and preventing the formation of fully 
functional potassium channel tetramers (Piippo et  al. 
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2001). Another prevalent but apparently milder founder 
mutation, the KCNH2 R176W missense mutation, 
resides in the N-terminus of the channel and accelerates 
the deactivation of the IKr tail current, thus leading to 
reduced potassium efflux (Fodstad et al. 2006). Research 
on the exact effects of these mutations on the functional 
properties of cardiomyocytes has been hampered by the 
lack of suitable techniques that can adequately recapitu-
late the full spectrum of the disease in vitro.

Human induced pluripotent stem cell (hiPSC) tech-
nology has recently made it possible to produce human 
cell lines with characteristics similar to those of embry-
onic stem cells from somatic cells of various origins 
(Takahashi et al. 2007; Yu et al. 2007). To date, multiple 
disease-specific hiPSC lines have already been estab-
lished (Wu and Hochedlinger 2011). Several studies have 
focused on LQTS using the hiPSC technology (Bellin 
et al. 2013; Itzhaki et al. 2011; Kiviaho et al. 2015; Lahti 
et al. 2012; Matsa et al. 2011, 2014; Moretti et al. 2010). 
These studies suggest that hiPSC technology may be use-
ful for modeling LQTS in  vitro. Until now, large-scale 
drug effects have been studied with human embryonic 
stem cell-derived cardiomyocytes (hESC-CMs) and wild-
type hiPSC-CMs (Braam et  al. 2010; Caspi et  al. 2009; 
Harris et al. 2013; Mehta et al. 2013; Navarrete et al. 2013; 
Yokoo et al. 2009). In this study, we investigated the effect 
of six clinically used drugs in control hESC- and wild-
type hiPSC-CMs and in hiPSC-derived LQT-CMs. Addi-
tional value will be gained by studying drug responses at 
clinically relevant concentrations (Schulz and Schmoldt 
2003), since many of the mutation carriers can have a 
latent, subclinical form of LQTS that may be exacerbated 
upon pharmacological challenge (Roden 2004).

We created hiPSC lines from the dermal fibroblasts of 
patients with KCNQ1 G589D and KCNH2 R176W muta-
tions. We investigated how these patient-specific hiPSCs 

respond to pharmacological challenges in comparison with 
cardiomyocytes derived from control hESCs and hiPSCs.

Methods
Patient‑specific pluripotent stem cell induction
The LQT1- and 2-specific hiPSCs were induced as previ-
ously described (Takahashi et  al. 2007) from fibroblasts 
of patients carrying the KCNQ1 (G589D) or the HERG 
(R176W) mutation (Fodstad et  al. 2004) (see Addi-
tional file 1: Materials and methods). The study has been 
approved by Pirkanmaa Hospital District ethical com-
mittee (R08070). Details of the hiPSC lines are listed in 
Table 1. The subjects volunteered for the study gave their 
consent for skin biopsy to be taken.

Stem cell culture
The control pluripotent stem cell lines used in this study 
were H7 (hESC, WiCell), UTA.00112.hFF [fetal wild-type 
from ATCC (WT)-hiPSC], and UTA.01006.WT (WT-
hiPSC derived from a healthy adult). For LQT1, 4 patient-
specific hiPSC lines were used: UTA.00208.LQT1, 
UTA.00211.LQT1, UTA.00313.LQT1 and UTA.00303.
LQT1. For LQT2 2 patient-specific hiPSC lines were 
used: UTA.00514.LQT2 and UTA.00525.LQT2. The 
pluripotent stem cells were cultured on a mouse embry-
onic fibroblast (MEF, Millipore) feeder cell layer in KSR 
medium consisting of KnockOut Dulbecco’s Modified 
Eagle’s Medium (KO-DMEM, Invitrogen) supplemented 
with 20 % KnockOut serum replacement (KO-SR, Invit-
rogen), 1  % non-essential amino acids (NEAA, Lonza), 
1  % Glutamax (Invitrogen), 50  U/mL penicillin/strepto-
mycin (Lonza), and recombinant human basic fibroblast 
growth factor (R&D Systems). The cells were passaged 
once a week by treating the pluripotent stem cell colo-
nies with collagenase IV (Gibco) and seeding them onto a 
fresh MEF feeder layer.

Table 1 Details of the control and patient-specific pluripotent stem cell lines used for drug testing

ICM inner cell mass of blastocyst, hFF human foreskin fibroblast, hADF human adult dermal fibroblast, hESC human embryonic stem cell, hiPSC human induced 
pluripotent stem cell

* Siblings ‡, θ, ψ  clonal lines from same individual s symptomatic a asymptomatic

Cell line Line type Mutation Disease Affected current Source Purpose

H7 (hESC) hESC Wild type None None ICM hESC control

UTA.00112.hFF (WTa) hiPSC Wild type None None hFF Control

UTA.01006.WT (WTb) hiPSC Wild type None None hADF Adult control

UTA.00208.LQT1θ,*,s hiPSC G589D LQT1 IKs hADF Symptomatic, patient‑specific

UTA.00211.LQT1θ,*,s hiPSC G589D LQT1 IKs hADF Symptomatic, patient‑specific

UTA.00303.LQT1ψ,*,a hiPSC G589D LQT1 IKs hADF Asymptomatic mutation carrier‑specific

UTA.00313.LQT1ψ,*,a hiPSC G589D LQT1 IKs hADF Asymptomatic mutation carrier‑specific

UTA.00514.LQT2‡,a hiPSC R176W LQT2 IKr hADF Asymptomatic mutation carrier‑specific

UTA.00525.LQT2‡,a hiPSC R176W LQT2 IKr hADF Asymptomatic mutation carrier‑specific
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Cardiomyocyte differentiation
Cardiomyocytes were differentiated from hESCs as well 
as from the control and LQT1 and -2-specific hiPSCs 
using the mouse visceral endoderm-like (END-2) cell co-
culture method, as described elsewhere (Mummery et al. 
2003). Briefly, mitomycin C (Sigma) -inactivated END-2 
cells were trypsinized and plated onto 12-well plates in 
0 % KO-SR hES medium. The pluripotent stem cells were 
plated on top of the END-2 cell monolayer the following 
day. The 0 % KO-SR hES medium was refreshed on days 
5, 8 and 12. At day 14, the medium was changed to 10 % 
KO-SR hES medium, and it was refreshed three times a 
week thereafter.

Pharmacological testing
Drugs
Cisapride monohydrate, quinidine and (±)-sotalol hydro-
chloride were obtained from Sigma-Aldrich and dis-
solved in dimethyl sulfoxide (Sigma-Aldrich) at 10 mM. 
E-4031 (Alomone Labs) and erythromycin (Abboticin 
i.v., Amdipharm) were dissolved in sterile H2O at 1 and 
50  mg/mL, respectively. Isoprenaline (Isuprel i.v., Hos-
pira) was supplied in ready-to-use ampoules. The drug 
concentrations were chosen based on their therapeutic 
blood serum concentration range (Schulz and Schmoldt 
2003). The following concentrations of cisapride mono-
hydrate, quinidine, (±)-sotalol hydrochloride, and eryth-
romycin were tested: half the concentration of the lower 
limit for the therapeutic blood serum concentration, the 
lower limit of the therapeutic blood serum concentra-
tion range, the average therapeutic serum concentra-
tion, the upper limit of the therapeutic range, and twice 
the upper limit of the therapeutic concentration (Schulz 
and Schmoldt 2003). The isoprenaline concentrations 
were chosen according to previously published values 
and multiples thereof (Pekkanen-Mattila et  al. 2009). 
The drugs were serially diluted in embryoid body (EB)-
medium with 5  % fetal bovine serum (FBS, see below). 
The test concentrations for each drug are listed in Table 2.

Multielectrode array recordings
The hESC-CMs and the control, LQT1-, and LQT2-
specific hiPSC-CM aggregates were mechanically 
excised from the cultures and plated onto fetal bovine 
serum (PAA) and 0.1  % gelatin- (Sigma-Aldrich) coated 
6-well-MEAs (6wellMEA200/30iR-TI-mr, MultiChan-
nel Systems MCS GmbH). The FPs were recorded with a 
USB-MEA1060 amplifier, and the temperature was kept 
at +37 °C using a TC02 heating element (both from Multi 
Channel Systems MCS GmbH). The MEAs were cov-
ered with gas-permeable MEA membranes (ALA MEA-
SHEET, ALA Scientific) during the recordings. A wash-in 
time of 2  min was allowed for the drugs before record-
ings. The beating areas were cultured in EB medium 
consisting of KO-DMEM (Invitrogen) supplemented 
with 20 % FBS (Invitrogen), 1 % NEAA (Lonza), 1 % Glu-
tamax (Invitrogen), and 50 U/mL penicillin/streptomycin 
(Lonza). The drug tests were performed in 5 % FBS con-
taining EB medium; the medium was changed at least an 
hour prior to the baseline recordings, and the cells were 
allowed to stabilize in the incubator (+37 °C, 5 % CO2). 
The field potential signals were recorded with MC_Rack 
v.4.0.0 software (Multi Channel Systems MCS GmbH).

Data and statistical analysis
The field potential durations (FPDs) from the recorded 
files were measured offline using our in-house devel-
oped CardioMDA software (Pradhapan et  al. 2013) and 
AxoScope10 (Molecular Devices). The baseline data 
are presented as mean ±  standard deviation (SD). Lin-
ear mixed-effect models with either Bazett’s corrected 
field potential duration (cFPD) or beating rate (BR) as a 
dependent variable were fitted using the function lme in 
R (Software environment for statistical computing and 
graphics, version 2.13.0, The R Foundation for Statistical 
Computing). The factorial variable for the concentration 
level was used as an independent variable. The lowest 
concentration level was used as a reference group. Ran-
dom intercept for different aggregates was used together 
with independent random errors.

Results
LQT patient characteristics
Skin biopsies were obtained from two siblings, a 28-year 
old female asymptomatic LQT1 patient (QTc interval, 
428  ms) and a 41-year old female symptomatic LQT1 
patient (QTc interval, 456  ms), both with the KCNQ1 
G589D mutation. In addition, skin biopsies were 
obtained from a 61-year old male asymptomatic LQT2 
patient with the KCNH2 R176W mutation (QTc inter-
val, 437  ms). The symptomatic LQT1 patient had expe-
rienced seizures before beta-blocker medication, while 
the asymptomatic sibling has never had any cardiac 

Table 2 Drugs and  their concentrations used with  cardio-
myocytes derived from  human embryonic and  induced 
pluripotent stem cells

Drug Concentrations

Isoprenaline nM: 81, 402

Cisapride monohydrate nM: 40, 83, 120, 165, 330

Erythromycin µM: 1.5, 3, 5.5, 8, 16

Sotalol µM: 0.8, 1.6, 5.7, 9.7, 19.4

Quinidine µM: 1.5, 3, 9, 15, 30

E‑4031 nM: 10, 100, 300, 500, 700
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symptoms. The asymptomatic LQT2 individual has only 
experienced occasional palpitations, which although are 
not specific symptoms of LQTS.

Molecular characteristics of cardiomyocytes
Reverse-transcription PCR and immunofluorescence 
microscopy showed that the control and LQT-hiPSCs 
expressed the pluripotency markers NANOG, OCT3/4, 
SOX2, SSEA4, TRA-1-60, and TRA-1-81 (Additional 
file 1: Fig. S1A, Table S1). Furthermore, the hiPSC colony 
morphology resembled those of hESCs, the hiPSCs dif-
ferentiated into cardiomyocytes at efficiencies previously 
reported for hESCs upon END-2 co-culture (data not 
shown) (Pekkanen-Mattila et  al. 2009), showed nuclear 
localization of the cardiac-specific transcription factor 
NKX2.5 which is also expressed in hESC-CMs (Asp et al. 
2010), and exhibited a distinct striated pattern in car-
diac troponin T staining (Additional file 1: Fig. S1B). The 
electrophysiological properties and drug responses were 
recorded with microelectrode arrays (MEAs).

Effects of cardioactive drugs to the cFPD of hiPSC‑CMs
We compared the drug responses of the control cardio-
myocytes derived from hESC line H7 (hereafter called 
hESC) and two wild-type hiPSC lines UTA.00112.hFF 
(hereafter called WTa) and UTA.01006.WT (hereafter 
called WTb) to the hiPSC-derived LQT-CMs (for the 
cell line properties, see Table 1). The results of the clonal 
cell lines derived from the same individual were pooled 
together (UTA.00208.LQT1 and UTA.00211.LQT1 
[=LQT1A], UTA.00303.LQT1 and UTA.00313.LQT1 
[=LQT1B], UTA.00514.LQT2 and UTA.00525.LQT2 
[=LQT2]). LQT1A were derived from a symptomatic 
patient, LQT1B from an asymptomatic mutation carrier 
and LQT2 from asymptomatic mutation carrier.

Baseline characteristics
The baseline beating rates (BR) showed large differences 
between cell populations, ranging from 59 to 105 beats 
per minute (Fig.  1a). However, these BRs did not dif-
fer significantly among cardiomyocytes differentiated 
from hESCs, control-, or LQT-hiPSCs. In contrast, the 
beating rate-corrected field potential duration (cFPD, 
Bazett´s) showed significant differences between control- 
and LQT-CMs (Fig. 1b). At baseline level, the LQT-CMs 
showed significantly longer cFPD (586–600  ms) com-
pared to control-CMs (340–400 ms) (p < 0.001).

Isoprenaline effects
To test whether the differentiated cardiomyocytes had 
proper β-adrenergic responses, we subjected them to an 
isoprenaline challenge. This treatment had chronotropic 
effect on cardiomyocytes and increased the BR at the 

concentration of 81 and 402 nM (Fig. 2). Isoprenaline did 
not induce any arrhythmic beats in any of the CMs, includ-
ing those derived from LQT1- and LQT2-hiPSC lines.

Effects of non‑cardiac drugs cisapride and erythromycin
Cisapride increased the repolarization time in all CMs 
studied, although this effect did not reach statistical sig-
nificance in the LQT2-CMs, apparently due to large 
experimental variation (Fig. 3a).

Erythromycin likewise induced a significant average 
increase of cFPD in all cell lines studied, in a concentra-
tion range of 1.5–16 µM (Fig. 3b). No arrhythmic beats 
or beating arrests were observed with cisapride or with 
erythromycin.

Effects of the anti‑arrhythmic drugs sotalol and quinidine
Upon sotalol (0.8–19.4 µM) challenge, the maximal cFPD 
prolongation ranged from of 8  % (WTb-CMs) to 23  % 
(LQT1A-CMs) (Fig. 4a). Quinidine also caused a concen-
tration-dependent (1.5–30 µM) average cFPD prolonga-
tion in all the cardiomyocytes (Fig.  4b). Of all clinically 
used drugs tested (cisapride, erythromycin, sotalol, qui-
nidine), quinidine showed the largest cFPD-increasing 
effect (31–42 %) seen in LQT1-CMs.

The effect of the hERG channel blocker E‑4031
E-4031 also caused concentration-dependent cFPD pro-
longation in all cardiomyocyte types (Fig. 4c). It is of note 
that in hESC-CMs all but one of the cardiac aggregates 
became arrhythmic or stopped beating at concentrations 
of 500–700  nM. Thus, error bars indicating standard 
deviation could not be calculated for these experimental 
points. The cFPD prolongation in the different cell lines 
reached statistical significance at E-4031 concentration 
of 100 nM indicating that the sensitivities of the different 
cell lines to E-4031 were very similar (Fig. 4c).

In summary, Fig. 5 illustrates the representative traces 
of cisapride, erythromycin, sotalol, quinidine and E-4031 
in control- and LQT-CMs.

The proarrhythmic effects of sotalol, quinidine and E‑4031
Sotalol, quinidine and the hERG blocker E-4031 showed 
proarrhythmic effects on certain individual cell lines 
(Table 3). With sotalol, only spontaneous afterdepolariza-
tion (AD)-like waveform abnormalities (but not beating 
arrests) were observed (Table 3). Sotalol caused AD-like 
waveforms ranging from concentrations 5.7  µM (aver-
age therapeutic serum concentration) to 19.4 µM (twice 
the upper therapeutical serum concentration). None of 
the LQT1B-CMs showed any arrhythmic behavior upon 
sotalol challenge.

Quinidine showed also beating arrests in addition to 
AD-like waveform abnormalities (Table  3). The AD-like 
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waveforms were observed at the therapeutical serum 
concentration range (3–15  µM) in hESC-, LQT1A- and 
LQT2-CMs but not in WT- or LQT1B-CMs (Table  3). 
On the other hand, the beating arrests occurred ranging 
from 9 µM (average therapeutic serum concentration) to 
30 µM (twice the upper therapeutical serum concentra-
tion) (Table 3).

The compound E-4031 also caused AD-like wave-
form abnormalities and beating arrests (Table  3). 
E-4031 caused AD-like waveform abnormalities in car-
diomyocytes differentiated from all of the lines except 

WTb-CMs. Furthermore, beating arrests were seen in 
all cardiomyocyte types except LQT1A-CMs. Among 
the LQTs, the highest frequency for AD-like waveform 
abnormalities was found in LQT1A-CMs (50 % of cardio-
myocyte aggregates). On the other hand, the highest fre-
quency for beating arrests were seen in LQT2-CMs (31 % 
of cardiomyocyte aggregates).

Discussion
The present study further demonstrates the usefulness of 
the hiPSC-derived cardiomyocytes to serve as a model 

Fig. 1 Baseline cardiac parameters. a The beating rate (BR) of the cardiomyocyte clusters differentiated from each human induced pluripotent 
stem cell (hiPSC) line. b The rate‑corrected field potential duration (cFPD) for the same cardiomyocyte clusters. Significance level is indicated by 
***p < 0.001
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for long QT syndrome, showing that the QT interval-
prolonging effects of clinically used drugs are replicated 
in this in  vitro system, using concentrations that are 
within or close to their therapeutic range (Schulz and 
Schmoldt 2003). We showed that LQT-CMs corrected 
field potential duration is significantly longer than in con-
trol-CMs at baseline conditions, which suggests that long 
QT syndrome is recapitulated in these cells. This study 
also reproduces in cell clusters the earlier observation 
with single cells by patch clamp with prolonged APDs 
in LQT-CMs compared to controls (Kiviaho et al. 2015; 
Lahti et al. 2012). In the current study LQT- and control 
CMs were further exposed to various cardioactive drugs 
to investigate their effects.

The cardiomyocytes beating rates were increased by 
isoprenaline, which is a β-adrenergic agonist that affects 
calcium (ICa,L) channel activation via β1 receptors. This 
is in line with the previous studies showing positive 
chronotropic effect of isoprenaline on both hESC- and 
hiPSC-CMs (Moretti et al. 2010; Pekkanen-Mattila et al. 
2009; Yokoo et  al. 2009). β-adrenergic stimulation with 
isoprenaline did not have any arrhythmic effects on the 
LQT1 lines although LQT1 patients often experience 
symptoms at increased heart rates.

Cisapride is a serotonin 5-HT4 receptor agonist that 
has been reported to block the hERG potassium chan-
nel (Mohammad et al. 1997). It is known to induce TdP 
in patients (Darpö 2001). Caspi et  al. (2009) reported 
significant (>50  nM) dose-dependent prolongation of 
cFPD in hESC-CMs (Braam et al. 2010; Caspi et al. 2009). 

We obtained similar results as Caspi et al. (2009) as the 
hESC-CMs used in our study showed dose-dependent 
and significant cFPD prolongation starting at 83  nM. 
In contrast, Braam et  al. (2010) reported no significant 
cisapride-induced cFPD prolongation in hESC-CMs. 
However, they judged the therapeutic concentration to be 
2.6–4.9 nM (Redfern et al. 2003), whereas we chose the 
therapeutic range as 83–165  nM (Schulz and Schmoldt 
2003), which may explain the fact that they were not able 
to detect significant cisapride-induced cFPD prolonga-
tion. Mehta et al. (2013) have also investigated the effect 
of cisapride to the cFPD of 150–170  days old EB-based 
hiPSC-derived CMs. Likewise, they also found con-
centration-dependent cFPD prolongation (Mehta et  al. 
2013). Mehta et  al. (2013) did not observe any arrhyth-
mias with cisapride, which is in line with our study here.

Erythromycin is a macrolide antibiotic that pro-
longs the QT interval in patients (Shaffer et  al. 2002). 
The therapeutic plasma concentration of erythromycin 
has been reported to be 3–8  µM (Schulz and Schmoldt 
2003). In our study, erythromycin prolonged significantly 
cFPD in hESC-CMs already at the first test concentra-
tion (1.5  µM). Our data may suggest a slightly higher 
sensitivity of LQT2-CMs compared to LQT1-CMs, but 
high experimental variation precludes firm conclusions. 
Erythromycin did not induce any arrhythmic effects in 
the cardiomyocytes.

Sotalol is a β-adrenergic receptor antagonist and 
a Vaughan–Williams class III anti-arrhythmic agent 
that potently blocks the potassium ion channels in 

Fig. 2 Isoprenaline response of the control and long QT syndrome (LQT) type 1 and 2‑specific cardiomyocyte clusters (hESC, WTa, WTb, LQT1A, 
LQT1B and LQT2). Data is presented mean ± SD. Mean beating rates (BR) were normalized to baseline BR. Asterisks mark the statistical significance 
for mean BR increase compared to baseline values. *p < 0.05, **p < 0.01, ***p < 0.001
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cardiomyocytes (Edvardsson et al. 1980). In hESC-CMs, 
Braam et  al. (2010) reported cFPD prolongations of 
15–20 % at sotalol concentrations of 1.8–14 µM (Braam 
et  al. 2010). In a subsequent study, they also observed 
20  % cFPD prolongation in hESC-CMs at sotalol con-
centration of 10  µM (Braam et  al. 2013). Our study 
resulted in similar data. At concentrations of 6–10  µM, 
we observed a cFPD prolongation of 12–18  % in the 
hESC-CMs, increasing to 21  % at 19  µM. We observed 
that sotalol increased cFPD in all the CMs at the thera-
peutical concentration range (1.6–9.7  µM). In line with 
our data, Mehta et  al. (2013) reported similar observa-
tions from sotalol-induced cFPD prolongation in hiPSC-
derived CMs (Mehta et al. 2013). Furthermore, according 

to our data sotalol significantly increased cFPD at earlier 
concentrations in LQT-CMs than in WTa or WTb. This 
may suggest that LQT-CMs may be more vulnerable to 
the cFPD-prolonging effect of sotalol than hiPSC-derived 
control cells.

Quinidine is a class Ia antiarrhythmic drug that primar-
ily blocks sodium ion channels at high concentrations 
and hERG channel at low concentrations and is associ-
ated with TdP (Bauman et  al. 1984). Quinidine pro-
longed the cFPDs in all of our cell lines ranging from 16 
to 42  %. Braam et  al. (2010) reported a prolongation of 
20–50 % in hESC-CMs with quinidine concentrations of 
up to 3.2  µM and increases in the cFPD at higher con-
centrations, and Caspi et  al. (2009) reported a cFPD 

Fig. 3 Non‑cardiac drug responses of the control and long QT syndrome (LQT) type 1 and 2‑specific cardiomyocyte clusters (hESC, WTa, WTb, 
LQT1A, LQT1B and LQT2). The drugs used were a cisapride and b erythromycin. Changes in the rate‑corrected field potential duration (cFPD) 
were calculated as relative changes from the baseline for each cardiomyocyte cluster. Data is presented mean ± SD. Mean ΔcFPDs were normal‑
ized to baseline cFPD. Asterisks mark the statistical significance for mean ΔcFPD prolongation compared to baseline values. *p < 0.05, **p < 0.01, 
***p < 0.001
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Fig. 4 Class I and class III anti‑arrhythmic drug responses of the control and long QT syndrome (LQT) type 1 and 2‑specific cardiomyocyte clusters 
(hESC, WTa, WTb, LQT1A, LQT1B and LQT2). The drugs used were a sotalol, b quinidine and c E‑4031. During E‑4031 challenge all but one of the 
cardiac aggregates in hESC‑CMs became arrhythmic or stopped beating at concentrations of 500–700 nM. Thus, error bars indicating standard 
deviation could not be calculated for these experimental points. Changes in the rate‑corrected field potential duration (cFPD) were calculated as 
relative changes from the baseline for each cardiomyocyte cluster. Data is presented mean ± SD. Mean ΔcFPDs were normalized to baseline cFPD. 
Asterisks mark the statistical significance for mean ΔcFPD prolongation compared to baseline values. *p < 0.05, **p < 0.01, ***p < 0.001
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prolongation of slightly <30 % in hESC-CMs with 8 µM 
quinidine (Braam et  al. 2010; Caspi et  al. 2009). Mehta 
et al. (2013) reported a 20 and 55 % cFPD prolongation in 
150–170 days old hiPSC-CMs at 1 and 10 µM concentra-
tions, respectively. Here, we noticed an 18 % increase in 
the cFPD of the hESC-CMs at a concentration of 9 µM. 
Quinidine induced beating arrests which emerged at the 

average or upper therapeutic serum concentration. Qui-
nidine is known to inhibit sodium ion channels at high 
concentrations (Snyders and Hondeghem 1990), which 
may be the reason for higher frequency of beating arrest 
than AD-like waveform abnormalities. The LQT2-CMs, 
showed significantly prolonged cFPD already at the half 
of the lower limit of therapeutic concentration (1.5 µM), 

Fig. 5 Representative traces of cisapride, erythromycin, sotalol, quinidine and E‑4031 in control‑ and long QT‑cardiomyocytes (LQT‑CMs)
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unlike control- or LQT1-CMs, and AD-like waveform 
abnormalities at the lower limit of therapeutic concen-
tration level (3  µM). These findings together may imply 
that LQT2 harboring hERG R176  W may be at more 
increased risk for quinidine-induced cFPD prolongation 
and proarrhythmic effects than control- or LQT1-CMs 
harboring G589D mutation. However, we emphasize that 
our findings, based on cell lines derived from three LQTS 
patients only, must be interpreted with caution.

E-4031 is a hERG channel blocker (Caspi et  al. 2009) 
that reduced the IKr current during cardiac repolariza-
tion and caused prolongations in all our cell lines. Braam 
et  al. (2010) reported FPD prolongation in hESC-CMs 
treated with 30 nM E-4031 and AD-like waveform abnor-
malities at concentrations of 1 µM and over (Braam et al. 
2010). In hiPSC-CM clusters similar cFPD prolongations 
have been reported as well (Mehta et  al. 2011, 2014). 
We observed that the cFPD increased significantly more 
in CMs derived from symptomatic LQT1 patient than 
from asymptomatic. Presently, it is not known whether 
this indicates that symptomatic LQT1 may be at more 
increased risk for hERG blocker-induced cFPD increase. 
Egashira et al. (2012) reported cFPD prolongation of 20 % 
in LQT1-CMs derived from a symptomatic patient, when 
treated with 100  nM E-4031. These LQT1-CMs had a 
heterozygous deletion mutation in KCNQ1, 1893delC 

(Egashira et  al. 2012). Here, we found cFPD prolonga-
tion of 13 and 8 % in LQT1A- and LQT1B-CMs carrying 
a G589D missense mutation. Egashira et  al. (2012) also 
reported AD-like waveform abnormalities in LQT1-CMs 
treated with 300  nM E-4031, which is in line with our 
results from symptomatic LQT1A-CMs.

Variations of the in vitro responses to QTc interval affect-
ing drugs may result from several reasons. Differences 
in the common polymorphisms regulating cardiac repo-
larization may result in the modulation of drug responses 
(Roden 2004). Furthermore, differences in drug responses 
between the LQT1 and -2 subtypes may result from dif-
ferences in their respective repolarization reserves (Roden 
1998). Other possible explanations may come from the 
observations that hPSC-CMs can have very low or very 
high spontaneous beating rates, and that the hPSC-CMs 
with BR ≥  50  bpm express more atrial-related genes and 
therefore might be more atrial-like (Asp et  al. 2010). Dif-
ferent cardiomyocyte subtypes (e.g., atrial vs. ventricular) 
may have different ion channel compositions (Gaborit 
et al. 2007). Therefore, for certain applications, if the beat-
ing rates are representative of differences between cardiac 
subtypes, then the drug responses might vary accordingly. 
We did not test whether the END-2 differentiation protocol 
used in this study generated more nodal-, atrial- or ventric-
ular-like CMs across the cell lines. The MEA analysis used 

Table 3 Arrhythmic effects of sotalol, quinidine, and E-4031 observed during the field potential (FP) recordings

The reported values in the table are the lowest concentrations that induced the effect. The numbers in parentheses indicate how many cardiomyocyte clusters in total 
were affected

AD afterdepolarization (AD)-waveforms, BA beating arrest (termination of FP activity)

* Siblings s  symptomatic a asymptomatic

Sotalol (µM) hESC (n = 11) WTa (n = 6) WTb (n = 12) LQT1A (n = 13)*,s LQT1B (n = 13)*,a LQT2 (n = 15)a

0.8

1.6

5.7 AD(2)

9.7 AD(4) AD(1)

19.4 AD(1) AD(2)

Quinidine (µM) hESC (n = 10) WTa (n = 6) WTb (n = 11) LQT1A (n = 12)*,s LQT1B (n = 16)*,a LQT2 (n = 12)a

1.5

3 AD(1)

9 AD(3) BA(7) AD(1) BA(5) BA(5)

15 BA(2) BA(2)

30 BA(1)

E‑4031 (nM) hESC (n = 10) WTa (n = 6) WTb (n = 8) LQT1A (n = 16)*,s LQT1B (n = 16)*,a LQT2 (n = 13)a

10

100 BA(4)

300 AD(7) AD(2) AD(8) AD(3)

500 BA(1) BA(2) BA(1) AD(4)

700 BA(1)
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in the present study includes only beating clusters, suggest-
ing the presence of nodal-, atrial- and ventricular-like type 
of CMs. However, previous study has shown that END-2 
differentiation protocol generates mostly ventricular CMs 
shown by electrophysiological measurements (Mummery 
et al. 2003). It is also unknown whether the heterozygous 
mutated ion channels are assembled similarly in all differen-
tiating cardiomyocytes. Variation in the ion channel com-
position from cluster to cluster and even from cell to cell 
might lead to differential drug responses. There are some 
evidence that there may be differences in same certain drug 
responses between clusters of CMs and monolayer CMs. 
In disease-free hiPSC-CM monolayers, Harris et al. (2013) 
reported statistically significant E-4031 induced cFPD pro-
longation already at 3 nM whereas for disease-free clusters 
of hESC- or hiPSC-CMs the significant cFPD prolonga-
tions were reported to be found in 30–300 nM (Braam et al. 
2010; Caspi et al. 2009; Mehta et al. 2011, 2014). In disease-
free hiPSC-CM monolayers E-4031 evoked arrhythmias 
were seen as early as 10–30 nM (Harris et al. 2013; Naka-
mura et al. 2014). We have also observed similar phenom-
enon in monolayer-based disease-free CMs with E-4031 
(data not published). The aforementioned differences may 
have significant implications in drug screenings and would 
require further investigation.

Potential limitation of the study
The clinical phenotypes of the patients did not corre-
late with repolarization times in this study. The occur-
rence of clinical symptoms in LQT-patients harboring 
G589D have been linked to QTc value. In the group of 
QTc > 500 ms over 50 % of the patients were symptomatic 
whereas only 16 % were symptomatic with QTc < 440 ms 
(Piippo et al. 2001). In addition, patients with C-terminal 
mutation such as G589D have milder phenotypes com-
pared to transmembrane domain mutations of the same 
channel (Donger et  al. 1997; Larsen et  al. 1999; Piippo 
et  al. 2001; Swan et  al. 1999). In this study, the LQT1-
G589D-patients’ QTc values were 456 and 428  ms for 
symptomatic and asymptomatic, respectively. In LQT2, 
R176W mutation has been reported elsewhere as a rela-
tively mild form with modest QTc prolongation (Fodstad 
et al. 2006; Marjamaa et al. 2009). Here, the LQT2 patient 
had been asymptomatic except for occasional palpita-
tions. In the present study, at the baseline significant dif-
ferences in repolarization times were observed, but the 
drug effects appeared to be of similar magnitude in LQT-
CMs harboring G589D or R176W mutations compared 
to healthy controls at this sample size. Given the large 
variance in cFPD it may be possible that by increasing 
the sample size statistical significances could be found 
between control and LQT-CMs. However, it should be 
emphasized that increases in repolarization times which 

are already at baseline longer are potentially more severe 
that in those of normal length.

Conclusion
In conclusion, the present study reports in  vitro elec-
trophysiological effects of various non-cardiac and 
cardioactive drugs as assessed in hiPSC-derived LQT-
cardiomyocytes. We have shown that long QT syndrome 
is recapitulated in hiPSC-derived LQT-cardiomyocytes. 
All drugs tested showed a systematic tendency to prolong 
the field-potential duration (cFPD, an indicator of repo-
larization phase). We did not observe any systematic dif-
ferences in the sensitivities of cFPD prolongation among 
different drugs between control- and LQT-cardiomyo-
cytes. Further studies are needed to explore the possibil-
ity that this system could aid in the patient-specific risk 
assessment when considering the use of potentially QT-
interval prolonging drugs.
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