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ABSTRACT

Human induced pluripotent stem cells (hiPSCs) can be generated in a laboratory
environment from skin fibroblasts or other fully differentiated cells by introducing
them to four key factors: Oct3/4, Sox2, Klf4, and c-Myc. Human iPSCs can be
further differentiated into beating cardiomyocytes (CMs). These hiPSC-derived CMs
carry the same genome as the individual from which they were generated. The
technique provides an endless source of cardiomyocytes for patient-specific disease
modelling and treatment optimization for personalized medicine. In addition,
preclinical animal models, which fail to recapitulate human physiology, could be
replaced by hiPSC-derived CMs in drug development.
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a severe
inherited cardiac arrhythmia in structurally normal hearts that is associated with an
increased risk of sudden cardiac death. The prevalence of CPVT is approximately
1:10,000, and the mortality rate without treatment is around 35% by the age of 30.
Patients with CPVT experience arrhythmias during exercise or emotional stress.
Most CPVT cases are caused by mutations in the gene coding for the cardiac
ryanodine receptor RYR2, which releases calcium ions from intracellular storage.
Increased plasma levels of adrenaline during stress cause spontaneous calcium
leakage through RYR2 and lead to arrhythmias. Therefore, patients with CPVT
cannot exercise and must avoid situations of excitement.
Beta-blockers are commonly used in the treatment of CPVT. These compounds
block the adrenergic receptors and thus inhibit the effect of adrenaline. However,
these drugs do not provide complete protection against potentially lethal
arrhythmias. Carvedilol, a non-selective beta-blocker, and flecainide, a sodium
channel blocker, have been investigated as alternative options since they have been
shown to have a direct effect on RYR2. These drugs could have an antiarrhythmic
effect on RYR2 and serve as therapeutic options.
This dissertation focuses on hiPSC CMs derived from CPVT patients carrying
different mutations in RYR2 for the purpose of testing the antiarrhythmic potential
of carvedilol and flecainide. In the first study, hiPSC CMs were studied by calcium
imaging. Basic characteristics and the incidence of arrhythmias caused by exposure
to adrenaline were assessed in CPVT and control CMs. In addition, the
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antiarrhythmic efficacy of carvedilol and flecainide in abolishing these arrhythmias
was investigated. The second study focused on revealing the correlation between
calcium and the membrane voltage of the hiPSC CMs during arrhythmias by
conducting simultaneous patch clamp and calcium imaging. Changes in membrane
voltage drive the eruption of calcium inside CMs and lead to the contraction of the
cardiac muscle. The aim was to investigate how the two signals differ from each
other under these conditions. In the third study, the effects of carvedilol and
flecainide on the membrane voltage and contraction of CPVT and control CMs was
studied, along with the drugs’ antiarrhythmic efficacy. Furthermore, the correlation
between the membrane voltage and contraction was assessed by conducting
simultaneous patch clamp and video imaging.
The results of this dissertation highlight the usefulness of hiPSC CMs as a model
for disease modelling and drug screening. In the future, studies based on these
models could be used to establish personalized treatment. Furthermore, the research
sheds light on the correlation between different aspects of excitation contraction
coupling that are essential in arrhythmogenesis.
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TIIVISTELMÄ

Indusoituja pluripotentteja kantasoluja (iPS-solut) voidaan valmistaa ottamalla
koepala ihosta ja geenimanipulaatiomenetelmin siirtää niihin neljä tärkeää
transkriptiotekijää: Oct3/4, Sox2, Klf4 ja c-Myc. iPS-soluja voidaan erilaistaa
edelleen eri solutyypin soluiksi, kuten sydänsoluiksi. iPS-sydänsolut kantavat
mukanaan samaa geneettistä informaatiota kuin organismi josta koepala oli alun
perin otettu. Näin ollen eri sairauksia sairastavien potilaiden ihon koepaloista voidaan
valmistaa heidän sairautensa tekijöitä kantavia sydänsoluja yksilöityä lääketiedettä ja
lääketutkimusta varten. Tämän solumallin avulla voidaan vähentää eläinkokeita, jotka
muutenkaan eivät aina täysin vastaa fysiologisilta olosuhteiltaan ihmiskehon
vastaavia.
Katekoliamiiniherkkä polymorfinen kammiotakykardia (CPVT) on suhteellisen
harvinainen mutta hengenvaarallinen perinnöllinen rytmihäiriösairaus muuten
rakenteellisesti normaalissa sydämessä. CPVT:aa sairastaa noin yksi
kymmenestätuhannesta. Potilailla on suurentunut äkkikuoleman riski ja joka kolmas
hoitamattomista kuolee 30.:een ikävuoteen mennessä. Rytmihäiriöt ja äkkikuolemat
aiheutuvat ryanodiinireseptorin (RYR2) mutaatioista johtuvasta epänormaalista
toiminnasta fyysisen tai psyykkisen stressin aiheuttaman adrenergisen stimulaation
aikana. RYR2 on ionikanava solunsisäisen kalsiumvaraston, sarkoplasmakalvoston,
kalvolla ja jonka spontaanit kalsiumpurkaukset voivat johtaa rytmihäiriöihin ja
äkkikuolemaan. Tästä johtuen CPVT potilaiden on vältettävä liikuntaa ja jännittäviä
tilanteita jossa heidän hormonaalinen stimulaationsa voi laukaista näitä tapahtumia
sydänsoluissa.
Beetasalpaajia käytetään yleisesti CPVT potilaiden hoidossa. Ne ovat lääkkeitä
jotka
estävät
β-adrenergisen
stimulaation
sydänsoluissa
salpaamalla
adrenaliinireseptoreita. Kaikilla potilailla ei kuitenkaan päästä toivottuun
hoitovasteeseen. Karvediloli ja flekainidi ovat mahdollisia vaihtoehtoisia lääkkeitä
CPVT:n hoitoon, sillä niiden on todettu vaikuttavan RYR2:n toimintaan. Näillä
lääkkeillä on siten mahdollisesti rytmihäiriöitä estäviä vaikutuksia sydänsoluissa.
Tämä väitöskirjatyö keskittyy CPVT potilaista tuotetuista iPS-soluista
erilaistettujen sydänsolujen tutkimiseen. Työssä verrataan eri CPVT potilaista
tuotettujen sydänsolujen elektrofysiologisia ominaisuuksia ja haetaan vastauksia
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tautimekaniikkaan. Lisäksi tutkitaan karvedilolin ja flekainidin vaikutuksia näissä
soluissa. Tuloksia verrataan terveen henkilön iPS-sydänsoluihin ja niiden vasteisiin.
Ensimmäisessä osatyössä tutkittiin CPVT sydänsolujen kalsiumaineenvaihduntaa
kalsiumkuvantamismenetelmällä. Rytmihäiriöitä indusoitiin adrenaliinilla ja
rytmihäiriöitä ja niiden frekvenssiä tutkittiin ennen ja jälkeen lääkkeiden annostelua.
Toisessa osatyössä tutkittiin miten normaalien iPS-sydänsolujen solukalvon
sähköiset ominaisuudet ja sisäinen kalsiumaineenvaihdunta korreloivat keskenään
normaalissa sekä rytmihäiriöisessä toiminnassa. Solukalvon sähköinen signaali,
aktiopotentiaali, johtaa sydänsolujen kalsiumaineenvaihduntaa ja supistumista.
Työssä käytettiin klassista elektrofysiologian patch clamp -menetelmää, jolla voidaan
määrittää solukalvon jännite-eroja sekä ionien johtavuutta, yhdistettynä edellisessä
osatyössä käytettyyn kalsiumkuvantamismenetelmään. Kolmannessa osatyössä
tutkittiin taas karvedilolin ja flekainidin vaikutuksia CPVT solujen rytmihäiriöihin,
mutta nyt patch clamp- ja videokuvantamismenetelmien avulla. Videolle voidaan
tallentaa sydänsolujen supistumisliike, joka voidaan analysoida tietokoneohjelmalla.
CPVT solujen elektrofysiologisia- ja supistusominaisuuksia tutkittiin ja vertailtiin eri
tilanteissa, adrenaliinin ja lääkkeiden vaikutuksen aikana.
Tämän väitöskirjatyön tulokset osoittavat, että iPS-soluista johdetut sydänsolut
toimivat tautimallina ja lääketutkimuksen alustana. Tulevaisuudessa tämän työn
tapaisten mallien avulla päästään mahdollisesti lähemmäksi yksilöityä lääketiedettä ja
hoitoa CPVT potilaiden osalta. Lisäksi tässä työssä selvitimme sydänsolujen
toiminnallisuuden kannalta tärkeiden ominaisuuksien yhteyttä toisiinsa eri
menetelmin.
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List of Figures
Figure 1. Structure of the heart. Right ventricle (RV), left ventricle (LV), right
atrium (RA), left atrium (LA), aorta, and pulmonary vein. (A) During
diastole, the atria fill and (B) during systole, the ventricles eject. (C)
Different cell types found in the heart are represented. The conduction
system (black) consists of the sinoatrial node (SAN), atrioventricular
node (AVN), His bundle, and Purkinje fibers. (D) Expanded view of
the heart wall, myocardium, cardiomyocyte, and sarcomere structure.
The myocardium consists mainly of cardiomyocytes that are filled with
myofibrils, which consist of actin and myosin filaments. Sarcomeres are
bound by supporting structures, the Z-lines. SMC=smooth muscle cell.
SR=sarcoplasmic reticulum. Edited from Servier medical art
(https://smart.servier.com/) under CC BY 3.0 license:
https://creativecommons.org/licenses/by/3.0/.
Figure 2. Excitation contraction coupling. AP-induced intracellular Ca2+ release
drives the CM contraction. Depolarization of the sarcolemma triggers
the inward flow of Ca2+ through calcium channels (ICa), which activates
the ryanodine receptors (RyRs) at the junctional complexes (cleft) of the
sarcoplasmic reticulum (SR). Ca2+-induced Ca2+ release (CICR) from
the SR results in cytoplasmic calcium binding to myofilaments, allowing
the contractile motion. For relaxation to occur, Ca2+ needs to dissociate
from the myofilaments. The CM membrane is repolarized and calcium
is exported from the cytoplasm outside the cell and back to the SR.
Ca2+ influx (red) is necessary for contraction to occur and efflux (green)
is necessary for relaxation to occur. Efflux is via sarcolemmal and SR
ATPase (ATP), sodium-calcium exchangers (NCX), and mitochondrial
Ca2+ uniporters. Phospholamman (PLM) and phospholamban (PLN)
are regulators of ATPases. Reprinted from Bers, 2014. Copyrights
cleared via the Copyright Clearance Center.
Figure 3. Cardiac action potential. (A) Action potentials from ventricular, atrial
and nodal-like hiPSC CMs. (B) Ionic currents shaping the profile of
cardiac action potential, which is divided into phases 0-4. Ion currents
involved in each phase are depicted below. The funny current If is not
present in the adult ventricle but is present in hiPSC CMs (dotted line).
(C) Early afterdepolarization (EAD) and delayed afterdepolarization
(DAD) are arrhythmias caused by the activation of ICaL and NCX.
Modified from Hoekstra et.al. (2012) under CC BY 3.0 license
(https://creativecommons.org/licenses/by/3.0/).
Figure 4. Mutations in RYR2 cause calcium leak and CPVT via different
mechanisms. Mutations can lead to (A) hyperphosphorylation of RYR2
and unbinding of stabilizing calstabin2 (FKBP12.6), (B) lowered
threshold for SOICR, (C) increased sensitivity to RYR2 activators
(caffeine, cAMP and 4-CmC (4-chloro-m-cresol)) and (D) unzipping of
xi

interdomain interactions. (E) Schematic presentation of the RYR2
amino acid sequence, where the studied mutations are located in
clusters 1 (exon 3 deletion), 3 (L4115F), and 4 (V4653F). Modified
from Betzenhauser & Marks, 2010. Copyrights cleared via the
Copyright Clearance Center.
Figure 5. Functional characterization of hiPSC CMs. (A) The patch clamp
technique can be used to study action potentials (current clamp) and ion
currents (voltage clamp). (B) Multielectrode array (MEA) to study field
potential. (C) Fluorescence imaging to study calcium and membrane
voltage. (D) Impedance measurement to study contractility. Reprinted
from Garg et al. (2018). Copyrights cleared via the Copyright Clearance
Center.
Figure 6. Schematic illustration of the electrophysiology measurement setup. The
patch clamp system and imaging system were synchronized with a
synchronization pulse, which was used to correlate action potential data
with either calcium or contraction recording. The patch clamp system
acquired action potential (current clamp) and ion current (voltage
clamp) data. The imaging system acquired contraction (brightfield) and
calcium (fluorescence) data. Cardiomyocytes (CM) were perfused with
heated extracellular solution. Modified from Prajapati et.al. (2018) under
CC BY 4.0 license: https://creativecommons.org/licenses/by/4.0/.
Figure 7. Incidence of arrhythmias in hiPSC CMs. (A) Overall incidence of
calcium abnormalities in CPVT CMs (study I). (B) DADs (delayed
afterdepolarizations) per minute and (C) EADs (early
afterdepolarizations) per minute in control and CPVT CMs (study III).
OS=oscillation, MP=multiple peak, AL=alternans, PA=plateau
abnormality, LP=low peak, IP=irregular phase, bl=baseline,
adr=adrenaline, fle=flecainide 1,5μM, car=carvedilol 0,25μM.
Figure 8. Arrhythmias in hiPSC CMs. (A) Calcium abnormalities (Study I). (B)
Simultaneous action potential and contraction recording from the same
CM showing arrhythmias (Study III). (C) Simultaneous action potential
and calcium transients recorded from the same CM showing
arrhythmias (Study II). MP=multiple peak, OS=oscillation,
AL=alternans, PA=plateau abnormality, IP=irregular phase, LP=low
peak, AP=action potential, CaT=calcium transient, EAD=early
afterdepolarization, DAD=delayed afterdepolarization, Vm=membrane
potential.
Figure 9. 3D structure of cardiac ryanodine receptor and the studied mutations in
it. Protein database entry 5TB0 (https://www.rcsb.org/structure/5tb0):
rabbit RYR2 tetramer 3D structure from the side (A) and bottom (B)
where mutations studied in this dissertation are colour coded (exon 3
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deletion=gray, L4115F=blue and V4653F=yellow). Created with The
Molecular Biology Toolkit by Moreland et al. (2005).
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1

INTRODUCTION

Cardiovascular diseases are the chief cause of death in the world. Approximately 18
million people die each year because of cardiovascular disease, which is estimated to
be 31% of all deaths globally (WHO: Cardiovascular diseases (CVDs), 2017). The
burden of cardiovascular diseases on healthcare systems worldwide is massive. In
the elderly, the cause of death is usually acute ischemia, coronary artery disease, or
atherosclerosis. In younger patients with sudden cardiac death, there is often an
underlying genetic factor related to arrhythmias. Many arrhythmic disorders are
caused by mutations in the ion channels responsible for the functionality of
cardiomyocyte beating, e.g. Long QT syndrome (KCNQ1), Brugada syndrome
(SCN5A), and CPVT (RYR2). The concordant activity of various different ion
channels at the membrane of the cardiomyocyte orchestrates the delicate and
harmonic changing of the membrane potential, which is called action potential. Even
small disturbances in this complex regulated system can have fatal consequences.
Malfunction in the ion channels can lead to arrhythmias and sudden cardiac death.
Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a severe
inherited cardiac disease manifesting in a structurally normal heart that is associated
with an increased risk of sudden cardiac death (Priori et al., 2001; Swan et al., 1999).
CPVT is caused by mutations mainly in the RYR2 gene coding for the cardiac
ryanodine receptor. RYR2 is the largest known ion channel protein, and it is located
on the sarcoplasmic reticulum (SR), an intracellular calcium store in cardiomyocytes.
CPVT patients have arrhythmias during mental or physical adrenergic stress.
Mutations in RYR2 lower the threshold for spontaneous calcium leak from the SR,
which leads to arrhythmias. The β-blocker carvedilol and sodium channel blocker
flecainide are currently therapeutic options for CPVT. They have been shown to
have a direct effect on RYR2 (Watanabe et al., 2009; Q. Zhou et al., 2011).
In 2006, induced pluripotent stem cells (iPSCs) were generated from mice, and
they were generated from humans a year later (Takahashi & Yamanaka, 2006;
Takahashi et al., 2007). Before this Noble prize-winning invention, there was a need
for better human-based cardiac models in vitro because of certain limitations, e.g. the
restricted availability of primary cardiomyocytes and ethical issues with embryonic
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stem cells. In addition, results obtained from animal models and transfected cells are
not always translatable to humans. Human iPSC cardiomyocytes (CMs) help to
overcome these limitations. They offer infinite amounts of CMs for cardiac research.
They carry the same genetic background as the person from which they were derived,
thus allowing the modelling of the patient’s disease. These models can be utilized by
the pharmacological industry to fulfil the need for personalized medicine and the
more cost-efficient development for drugs. Human iPSC derived CMs can decrease
the amount of animal studies, offering physiologically more relevant models to study
cardiac physiology in vitro. However, hiPSC CMs are considered immature, and they
do not replicate all the properties of adult human CMs.
The main aims of this research were to:
(1.) Model CPVT in vitro with hiPSC-derived CMs carrying different RYR2
mutations;
(2.) Investigate the differences in their electrophysiological properties;
(3.) Compare the antiarrhythmic and electrophysiological effects of two drugs
currently used for CPVT (carvedilol and flecainide) in CPVT patient-specific
hiPSC-derived CMs;
(4.) Study the relation of the membrane voltage, intracellular calcium, and
contraction in the excitation contraction coupling of hiPSC-derived CMs
during different arrhythmias.
Patch clamp, calcium, and video imaging were used to characterize the functionality
of the hiPSC CMs. This research shows that hiPSC CMs recapitulate the important
human cardiac physiological functions and the disease hallmarks of CPVT, and they
provide a safe platform and powerful tool for disease modelling, drug screening, and
the research of cardiac physiology in vitro.
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2.1

LITERATURE REVIEW

Structure and function of the human heart

The heart is a vital organ whose primary function is to maintain blood pressure and
flow so that nutrients and oxygen are delivered throughout the body. Pressure is
created by the pumping action of the four chambers: two atria and two ventricles
(Figure 1). The heart is enclosed inside the pericardium sac, which is filled with
pericardial fluid. This fluid acts as a lubricant to minimize the friction caused by the
movement of the heart during beating. The atria are responsible for the input of
blood into the heart, and the ventricles are responsible for the output of blood from
the heart. The right atrium (RA) collects hypoxic blood coming from the systemic
circulation, which is delivered to the pulmonary circulation by the right ventricle
(RV). The left atrium (LA) collects the oxygenated blood and fills the left ventricle
(LV), from which the blood is pumped into the systemic circulation via the aorta.
The aorta in turn supplies blood through several arteries to the body. From the root
of the ascending aorta, coronary arteries spread out over the outer surface of the
heart, securing the essential oxygen supply for the myocardium itself. The auricles of
the right and left atrium are pectinate tubular muscle walls at the roots of the
pulmonary vein on the left and ascending the aorta on the right.
Cardiac valves prevent the blood flowing in the wrong direction during
contraction of the myocardium. Between the atria and ventricles, there are
atrioventricular (AV) valves: the mitral valve (bicuspid valve) between the LA and
LV and the tricuspid valve between the RA and RV. Separating the lumen of the
heart from the circulation are semilunar valves: the pulmonary valve between the RV
and pulmonary circulation and the aortic valve between the LV and systemic
circulation. The valves are surrounded by fibrous rings, which are part of the larger
deposition of connective tissue, the cardiac skeleton. This is important in guiding
and limiting the spreading and conduction of the cardiac electrical signal, namely the
action potential (AP).
The conduction system consists of the sinoatrial node (SAN), atrioventricular
node (AVN), Purkinje fibres, and His bundle (Figure 1C). Pacemaker cells located
in the SAN spontaneously beat and provide the sinus rhythm for the heart. From
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the SAN, the electrical signal travels through the RA via internodal pathways to the
AVN. Simultaneously, the signal spreads from the RA to the LA through the
myocardium. From the AVN, the signal travels via the His bundle through the
cardiac skeleton, where the signal slows down for a while to allow time for the
ventricles to fill. The cardiac skeleton structure plays an important role in this process
by preventing the signal from prematurely escaping from the atrium to the ventricle
and causing an abnormal beating rhythm. The signal rapidly spreads to the ventricle
walls via the right and left bundle branches, which are terminally transformed into
Purkinje fibres. The fibres consist of fast conducting Purkinje cells.
The cardiac cycle consists of diastole and systole (Figure 1A and B). During
diastole, the myocardium is relaxed and the ventricles are filled. During systole, first
the atria contract, filling the ventricles, and then the ventricles contract. In between
systole and diastole there is an isometric state when the ventricles create the pressure
against the circulation and the blood does not move forward. At this point, the valves
are closed. When the pressure in the lumen of the ventricles exceeds the pressure of
the circulation, the aortic valve on the left side and the pulmonary valve on the right
side open and blood flows forward. When the pressure in the ventricles collapses
during relaxation, the aortic and pulmonary valve close and the atrioventricular
valves open, allowing the filling of the ventricles. The pressure in the pulmonary
circulation is much smaller than in the systemic circulation; therefore, the LV is much
thicker. This physiological hypertrophy of the heart is also seen in endurance sports
athletes. Pathological hypertrophy is associated with diseases, e.g. hypertension,
valve diseases, and cardiomyopathies. The blood flow in subendocardial coronary
arteries is diminished during systole, so myocardial perfusion and reoxygenation
occurs mostly during diastole.

2.1.1

Cardiomyocytes and excitation-contraction coupling

The cardiac muscle consists of three different layers: the epi-, endo-, and
myocardium (Figure 1). The majority of the volume (70–80%) of the myocardium is
occupied by CMs, but they constitute only 30–40% of the whole cell population in
the heart (P. Zhou & Pu, 2016). The other cell types in the heart are the fibroblasts,
endothelial cells, vascular smooth muscle cells, lymphocytes, and neurons (B. X.
Wang, Kit-Anan, & Terracciano, 2018). In addition to contributing to the
extracellular matrix, the other cell types provide chemical, electrical, and mechanical
cues for CM growth and function.
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Figure 1. Structure of the heart. Right ventricle (RV), left ventricle (LV), right atrium (RA), left atrium
(LA), aorta, and pulmonary vein. (A) During diastole, the atria fill and (B) during systole, the
ventricles eject. (C) Different cell types found in the heart are represented. The conduction
system (black) consists of the sinoatrial node (SAN), atrioventricular node (AVN), His bundle, and
Purkinje fibers. (D) Expanded view of the heart wall, myocardium, cardiomyocyte, and sarcomere
structure. The myocardium consists mainly of cardiomyocytes that are filled with myofibrils, which
consist of actin and myosin filaments. Sarcomeres are bound by supporting structures, the Zlines. SMC=smooth muscle cell. SR=sarcoplasmic reticulum. Edited from Servier medical art
(https://smart.servier.com/) under CC BY 3.0 license:
https://creativecommons.org/licenses/by/3.0/.

CMs are the cells responsible for the contraction and functionality of the
myocardium. They are filled with myofibrils containing sarcomeres. A sarcomere is
a single unit that creates contractions by allowing movement of myofilaments
through actin-myosin interaction. Sarcomeres consist of repetitive patterns of thick
and thin filaments, and they are divided by Z-lines (Figure 1). Z-lines are the
supporting backbone of the sarcomere structure, and they consist of myofilament
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cross-linking proteins, i.e. α-actinin (Clark, McElhinny, Beckerle, & Gregorio, 2002).
The thin filaments consist of actin and α-tropomyosin (αTM), a long helical protein
that covers actin. Along the thin filaments, troponin complexes closely interact with
both actin and αTM. The troponin complex consists of troponin I (TnI), troponin
C (TnC), and troponin T (TnT) (Clark et al., 2002). The thick filaments consist of
myosin rods from which myosin heads reach towards the thin filaments. Ca2+ binds
to TnC, resulting in a conformational change in the troponin complex, allowing
myosin heads to form actomyosin interactions with the actins of the thin filaments.
The sliding of the thin and thick filaments along each other shortens the sarcomere,
bringing the two Z-lines closer to each other. The myofilaments themselves do not
shorten in length. The myosin heads are responsible for the actomyosin interaction
and generate the movement of the muscle contraction. Actomyosin ATPase and the
active transportation of ions over the sarcolemma to maintain the CM function are
two major consumers of adenosine triphosphate (ATP) in CMs (D. M. Bers, 2008).
CMs require a lot of energy, and mitochondria are the powerhouses of the cells.
Consequently, approximately 30% of a CM’s volume is occupied by mitochondria
(D. M. Bers, 2001).
CMs have special structural features that improve their functionality. T-tubules
are invaginations of the CM cell membrane, the sarcolemma (Figure 1 and 2). They
improve the calcium availability inside the CMs and facilitate calcium-induced
calcium release (CICR) by bringing L-type calcium channels (LTCCs) closer to
RYR2s, forming junctional complexes. Connexins form gap junctions for rapid
conduction in the myocardium. The heart must act in syncytium, and therefore
proper conductance is necessary. Gap junctions are formed especially with the
intercalated discs in the myocardium, which are the parallel “end plates” of the CMs
(Figure 1). They ensure that the conduction propagates quickly along the rod-shaped
CMs to create a direction for the contraction motion. Conduction defects usually
lead to re-entry, abnormal circulation of the conduction impulse in the myocardium,
and arrhythmias.
The AP originating from the pacemaker CMs in the SAN initiates the whole
process of excitation contraction coupling (ECC) (Figure 2). AP-induced
intracellular Ca2+ release from the sarcoplasmic reticulum (SR) drives the CM
contraction (D. M. Bers, 2002). Activation and inward current through voltage-gated
sodium channels (INa) depolarizes the CM cell membrane, which triggers the inward
flow of Ca2+ through L-type calcium channels (ICaL) (Figure 3B). The inflow of
calcium activates RYR2s at junctional complexes and CICR from the SR (figure 2).
Cytoplasmic calcium binding in the sarcomeres allows the contractile motion. For
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relaxation to occur, Ca2+ must dissociate from TnC. The CM membrane is
repolarized by several potassium currents and calcium is exported from the
cytoplasm outside of the cell and/or back to the SR (Figure 3B) (D. M. Bers, 2008).

Figure 2. Excitation contraction coupling. AP-induced intracellular Ca2+ release drives the CM
contraction. Depolarization of the sarcolemma triggers the inward flow of Ca2+ through
calcium channels (ICa), which activates the ryanodine receptors (RyRs) at the junctional
complexes (cleft) of the sarcoplasmic reticulum (SR). Ca 2+-induced Ca2+ release (CICR)
from the SR results in cytoplasmic calcium binding to myofilaments, allowing the
contractile motion. For relaxation to occur, Ca 2+ needs to dissociate from the myofilaments.
The CM membrane is repolarized and calcium is exported from the cytoplasm outside the
cell and back to the SR. Ca2+ influx (red) is necessary for contraction to occur and efflux
(green) is necessary for relaxation to occur. Efflux is via sarcolemmal and SR ATPase
(ATP), sodium-calcium exchangers (NCX), and mitochondrial Ca2+ uniporters.
Phospholamman (PLM) and phospholamban (PLN) are regulators of ATPases. Reprinted
from Bers, 2014. Copyrights cleared via the Copyright Clearance Center.

Ca2+ can be reloaded back into the SR via SR Ca2+ ATPase (SERCA) and into the
mitochondria by the Ca2+ uniporter, or it can be transported out of the cell by
sarcolemmal Ca ATPase and the sodium-calcium exchanger (NCX) (D. M. Bers,
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2001). SERCA and NCX are the two major contributors to lowering the cytoplasmic
calcium concentration (D. M. Bers, 2000).
Membrane potential and intracellular calcium regulate the automaticity in hiPSC
CMs (Lakatta, Maltsev, & Vinogradova, 2010). Hyperpolarization inactivates the
sodium channels and activates the funny current (If), which is responsible for the
spontaneous activity in pacemaker CMs by slowly depolarizing the membrane
potential during diastole (Figure 3 B) (Verkerk et al., 2007). A new AP initiates when
the depolarization hits the threshold for opening the sodium channels. The
spontaneous activity driven by the membrane voltage (Vm) is referred as the
“membrane clock”. In addition, intracellular calcium also plays a role in the
regulation of automaticity. In pacemaker CMs, autonomic spontaneous calcium
release from the SR oscillates towards the threshold for CICR (Lakatta et al., 2010).
This is referred to as the “calcium clock”. Furthermore, CICR is an example of the
Vm affecting intracellular calcium. The system works bidirectionally so that Ca2+
regulates several membrane proteins and ion channels contributing to the Vm
(Lakatta et al., 2010). This highlights the importance of Ca2+ as an intracellular
messenger between these two interrelated clocks, which concomitantly regulate the
excitation of CMs.
The sympathetic and parasympathetic nervous systems regulate the function and
beating rate of the heart. The parasympathetic effect is mediated via the Vagus nerve
by stimulation of muscarinic receptors and it decreases the heart rate. Sympathetic
stimulation is mediated via β-adrenergic receptors (β-ARs), a type of G proteincoupled receptor (GPCR) that binds hormones such as adrenaline (epinephrine) and
noradrenaline (norepinephrine). Consequently, several downstream signalling
pathways are activated that alter the cardiac output, heart rate, and relaxation of the
myocardium (inotropy, chronotropy, and lusitropy, respectively) by altering the
calcium handling in CMs (D. M. Bers, 2001; Brodde & Michel, 1999).
Phosphorylation of the cardiac ryanodine receptor (RYR2), sarcoplasmic reticulum
calcium ATPase (SERCA), and phospholamban (PLB) alters the SR calcium load
and calcium handling in CMs. β-adrenergic stimulation leads to activation of adenylyl
cyclase (AC) and an increased intracellular cyclic adenosine monophosphate (cAMP)
concentration as well as the subsequent activation of protein kinase A (PKA) and
Ca2+/calmodulin-dependent protein kinase II (CaMKII), which phosphorylate key
calcium-handling proteins and lead to the
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Figure 3. Cardiac action potential. (A) Action potentials from ventricular, atrial and nodal-like hiPSC
CMs. (B) Ionic currents shaping the profile of cardiac action potential, which is divided into
phases 0-4. Ion currents involved in each phase are depicted below. The funny current If is
not present in the adult ventricle but is present in hiPSC CMs (dotted line). (C) Early
afterdepolarization (EAD) and delayed afterdepolarization (DAD) are arrhythmias caused
by the activation of ICaL and NCX. Modified from Hoekstra et.al. (2012) under CC BY 3.0
license (https://creativecommons.org/licenses/by/3.0/).

aforementioned phenomena in CMs (D. M. Bers & Grandi, 2009; Brodde & Michel,
1999). In addition, several sarcolemmal targets are phosphorylated, therefore
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coupling the membrane and calcium clocks (Lakatta et al., 2010). The complex
regulatory system of the cardiac function via this pathway modulates the heart rate
during rest and exercise (Lakatta et al., 2010). CMs can also protect themselves from
abundant β-adrenergic stress. Chronic β-adrenergic stimulation leads to
desensitization of the β-ARs via β-arrestin-mediated uncoupling from the G
proteins. GPCR receptor kinases (GRKs) phosphorylate β-ARs, causing decreased
receptor sensitivity (J. Zhang et al., 1997).
CMs are distinguished into subtypes because of their different functions in the
heart. The names reveal where these cells are located: Atrial CMs are found in the
atria, pacemaker (nodal) cells in the SAN and AVN, Purkinje cells in the Purkinje
fibres, and ventricular CMs in the ventricles (Kane & Terracciano, 2017). The
properties of different CM subtypes depend on their function in the myocardium.
Differences in the gene expression, structure, and electrophysiology of different
CM subtypes have been reviewed (Kane & Terracciano, 2017). For example,
pacemaker cells have only a limited amount of sarcomeres and mitochondria, and
no organized t-tubules, and their action potential (AP) morphology is round with a
low amplitude (figure 3A). In addition, these cells have a high expression of the
pacemaker current (If) responsible for spontaneous activity. In contrast, ventricular
CMs have a very different structure: highly organized sarcomeres, t-tubules, and
many mitochondria. The ventricular AP has a rapid upstroke and repolarization with
a solid plateau phase in between, resulting in a less triangular AP profile (figure 3A).
Adult human ventricular CMs are quiescent. Atrial CMs do not have as organized ttubular network like ventricular CMs, and they have a more triangular AP profile
(figure 3A), mostly because of the lack of the plateau phase and a slightly more
depolarized resting membrane potential compared to ventricular CMs. There is also
heterogeneity in the AP profile from different parts of the atria (Kane & Terracciano,
2017).

2.1.2

Arrhythmias

Membrane potential (Vm) and intracellular calcium concentration ([Ca2+]i) are the
most crucial elements in ECC and arrhythmogenesis. The [Ca2+]i influences the
properties of the AP via Ca2+-sensitive ion channels, NCX, and Ca2+-activated
nonselective cation channels, thereby modifying the electrophysiology of CMs, e.g.
their refractoriness and membrane depolarization rate (Grunnet, 2010; Pogwizd &
Bers, 2004). Conversely, the Vm influences CICR and calcium sparks and waves
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(Galice, Xie, Yang, Sato, & Bers, 2018; Sato, Bartos, Ginsburg, & Bers, 2014).
Therefore, there is a constant interplay and coupling between the Vm and [Ca2+]i.
Calcium sparks are small transient calcium releases from a RYR2 cluster. Diffusion
of calcium from one cluster to another can lead to activation and release of calcium
from another cluster, resulting in a calcium wave (Heping Cheng & W. J. Lederer,
2008). Calcium sparks and waves do not require the activation of LTCCs or CICR.
Phosphorylation and the [Ca2+]i and Ca2+ concentration inside the SR ([Ca2+]SR)
determine the activation of RYR2 (D. Bers, 2006; Heping Cheng & W. J. Lederer,
2008). In addition, there is also a positive correlation between RYR2 cluster size and
the frequency of calcium sparks (Galice et al., 2018). Calcium sparks and
spontaneous calcium leak through RYR2 can result in triggered arrhythmias (D. M.
Bers, 2014). Moreover, disease conditions such as CPVT can exacerbate the situation
by an increased calcium leak via RYR2 mutations (Preininger et al., 2016). The
spontaneous Ca2+ leak can result in NCX-triggered delayed afterdepolarizations
(DADs), usually during an increased β-adrenergic stress-mediated calcium load
(Figure 3C) (Pogwizd, Schlotthauer, Li, Yuan, & Bers, 2001; Pogwizd & Bers, 2004;
Schlotthauer & Bers, 2000). If the amplitude of the DAD is high enough, it can
trigger another AP (Figure 8C). The inward rectifier current (IK1) stabilizes the
diastolic membrane potential and suppresses the triggered activity (Dhamoon &
Jalife, 2005). Therefore, reduced IK1 results in an increased risk for NCX-mediated
DAD-triggered activity. Early afterdepolarizations (EADs; Figure 3C, 8B and C) are
caused by ICaL reactivation, but also by NCX-mediated inward current, usually during
prolonged repolarization (January & Riddle, 1989; Pogwizd & Bers, 2004). The
spontaneous Ca2+ leak also plays a role in the generation of EADs, e.g. in CPVT
(Kujala et al., 2012). Both DADs and EADs can result in triggered activity and
arrhythmias. EADs are associated in the initiation of a lethal form of ventricular
tachyarrhythmia, torsades de pointes.
Alternans is thought to arise from unbalanced intracellular calcium cycling, and it
is described as alternating AP or calcium transient (CaT) patterns (Sato et al., 2006).
At the tissue level, alternans can be either concordant or discordant between two
regions. The discordant alternans is linked to re-entrance arrhythmias as a
proarrhythmic trigger (Laurita & Rosenbaum, 2008). The electromechanical nature
of the alternans is determined by whether the Vm and [Ca2+]i coupling is positive or
negative. In CMs, the amount of SR calcium release is in direct relation to the ICaL.
The availability of the voltage-dependent LTCCs generating ICaL depends on the
previous diastolic interval (Clusin, 2008; Laurita & Rosenbaum, 2008). The Vm
repolarization of AP defines the diastolic interval. Therefore, a longer diastolic
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period before the next excitation allows greater recovery of the LTCCs and results
in larger CICR from the SR (Sato et al., 2006). This is an example of positive Vm and
[Ca2+]i coupling where the Vm is the driving force. Conversely, alternans can take
place under the negative coupling of the Vm and [Ca2+]i, resulting in
electromechanically out-of-phase transients. Greater calcium release results in a
shorter APD and vice versa (Sato et al., 2006). In this case, higher [Ca2+]i enhances
the IKs, which shortens the APD further (Laurita & Rosenbaum, 2008). In addition,
SR calcium release inactivates the ICaL, resulting in a smaller depolarization and
contribution to the plateau phase of the AP and the shortening of the APD (Laurita
& Rosenbaum, 2008).
The aforementioned triggers can lead to defective impulse formation and
conduction at the tissue level, and further to clinical arrhythmias (Table 1). Re-entry
is associated with defective impulse conduction. It arises from functional or
structural substrates, e.g. either alternans and heterogeneous repolarization, or
conduction block because of a fibrous scar (Antzelevitch & Burashnikov, 2011).
Defective impulse formation triggered by, e.g. DAD or EAD can initiate ventricular
tachycardia, developing into ventricular fibrillation and sudden cardiac death.

Table 1.
Clinical arrhythmias and their triggers. Early afterdepolarizations (EAD) and delayed
afterdepolarizations (DAD) caused by mutations in cardiac ion channels are underlying triggers
for inherited arrhythmias such as ventricular tachycardias.

Arrhythmia
atrial fibrillation
bradyarrhythmia
ectopic beat
left bundle branch block
right bundle branch block
supraventricular tachycardia
ventricular tachycardia
sudden cardiac death

Trigger
other cardiovascular diseases, re-entry, ectopic beats
defective impulse propagation or automaticity
hormonal or humoral
other cardiovascular diseases
other cardiovascular diseases
re-entry
defective impulse formation (EAD, DAD)
other
cardiovascular
diseases,
ventricular
tachycardia and fibrillation
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2.2

Human induced pluripotent stem cells (hiPSCs) and disease
modelling

Stem cells can either differentiate into other cell types or proliferate and make exact
copies of themselves. Stem cells are widely used in research as cell models for
physiology and embryology. Adult stem cells are found in several tissues, e.g. bone
marrow, but their lesser potency to differentiate into other cell types limits their use.
Embryonic stem cells can differentiate into any cell type in the body except
extraembryonic structures. Induced pluripotent stem cells (iPSCs), on the other
hand, are derived from somatic, already differentiated cells. For a long time it was
thought this was impossible; it was believed that once a cell was dedicated to a certain
fate and lineage, it could not be reversed afterwards. Today it is known that the
process is more flexible, and stem cells can be generated by various techniques in
vitro.
In 2006, Takahashi and Yamanaka published the groundbreaking protocol for
the production of iPSCs from mice (Takahashi & Yamanaka, 2006). They discovered
four critical transcription factors required for the induction of pluripotency: Oct3/4, Sox2, c-Myc, and KLF4 (Takahashi & Yamanaka, 2006). In 2007, iPSCs were
generated from human somatic cells (Takahashi et al., 2007). Methods for generating
human induced pluripotent stem cells (hiPSCs) include integrative and nonintegrative vectors, synthetic mRNAs, small molecules, and gene editing (Bellin,
Marchetto, Gage, & Mummery, 2012; Weltner et al., 2018). The benefits of nonintegrative methods are the avoidance of insertional mutagenesis and transgene
reactivation, which lowers the risk of tumour formation and cancer. Human iPSCs
offer a powerful tool for disease modelling and drug screening. The technique
provides an infinite resource of cells in vitro and allows the development of patientand disease-specific cell lines, e.g. for disease modelling and personalized medicine
applications. Several hiPSC-based models for genetic diseases have been published,
e.g. different channelopathies (Table 2) and cardiomyopathies (B. X. Wang et al.,
2018). In addition, hiPSCs do not have the same ethical issues as human embryonic
stem cells. One of the benefits of pluripotent stem cells is the opportunity to create
isogenic controls with genome editing methods (Soldner et al., 2011). Human iPSCs
can reduce the use of animal models, which are expensive and time-consuming, and
the results do not always reflect the outcome in humans.
There are major differences in the size and function of human CMs compared to
the widely used mouse models. The heart of a mouse is obviously much smaller in
size, but it also beats many times faster than the human heart, approximately 250–
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500 times per minute, whereas the human heart beats around 60 time per minute. In
addition, the expression of different ion channels, most importantly the repolarizing
potassium currents, rapid delayed rectifier (IKr), and slow rectifier (IKs), differ
between mouse and human models significantly (Davis et al., 2011). Therefore,
mouse models do not recapitulate beat rate-dependent drug responses or disease
phenotypes associated with the functions of these ion channels, which are relevant
to human physiology. For example, flecainide, an ion channel blocker and
antiarrhythmic agent, has a beat rate-dependent efficacy and will thus work
differently in mouse and human CMs (Z. Wang, Fermini, & Nattel, 1993).

Table 2.

Human iPSC based models of channelopathies.

Channelopathy
LQTS1
LQTS2
LQTS3
LQTS7
LQTS8
BrS
SQTS
CPVT1

Ion Channel
IKs
IKr
INa
IK1
ICaL
INa
IKr
cardiac
ryanodine
receptor

Gene
KCNQ1
KCNH2
SCN5A
KCNJ2
CACNA1c
SCN5A
KCNH2
RYR2

Reference
(Moretti et al., 2010)
(Lahti et al., 2012)
(Ma et al., 2013)
(Kuroda et al., 2017)
(Yazawa & Dolmetsch, 2013)
(Liang et al., 2016)
(El-Battrawy et al., 2018)
(Fatima et al., 2011; Itzhaki et al.,
2012; Jung et al., 2012; Kujala et al.,
2012; Novak et al., 2015; Preininger
et al., 2016; K. Sasaki et al., 2016)

LQTS = long QT syndrome, BrS = Brugada syndrome, SQTS = short QT syndrome.

2.2.1

Differentiation of hiPSCs into cardiomyocytes (CM)

Especially for cardiovascular research, hiPSC CMs provide an enormous advantage
by providing cells for research. Earlier research was dependent on the leftovers of
donated organs and biopsies from surgical procedures. The differentiation of CMs
from hiPSCs exploits the mechanisms of cardiogenesis and the development of early
cardiac mesoderm. Three key families of growth factors control the process: bone
morphogenic proteins, wingless/INT (WNT) proteins, and fibroblast growth factors
(C. L. Mummery et al., 2012). Providing these factors for the hiPSCs in vitro activates
the complex machinery of gene regulation and transcription for cardiac
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differentiation (C. L. Mummery et al., 2012). Various cardiac differentiation methods
utilizing embryoid bodies (EBs), monolayer cultures, and inductive co-culture have
been described (C. L. Mummery et al., 2012). Seeding density and dissociation
strategies vary between methods for the plating of hiPSCs onto different culture
substrates in vitro. EBs provide spheroid-like 3D CM aggregates and monolayers can
be used as such or they can be used in sandwich cultures with extracellular matrix
biomaterials to create structures that are more complex. With the monolayer
method, the diffusion of nutrition and growth factors is more even compared to
spheroids. Either EBs or monolayers can be dissociated into small CM aggregates or
single cells (C. Mummery et al., 2003). The inductive co-culture method includes the
use of visceral endoderm-like END2 cells, which are used for their cell-signalling
properties to promote cardiac differentiation (C. Mummery et al., 2003). Distinct
methods require different mixes and timings of the addition of the growth factors to
the culture (C. L. Mummery et al., 2012). It is possible to differentiate hiPSCs into
specific cardiac subtypes: atrial-, ventricular-, and pacemaker-like CMs (Schweizer et
al., 2017; Q. Zhang et al., 2011).

2.2.2

Catecholaminergic polymorphic ventricular tachycardia (CPVT)

CPVT is a severe inherited cardiac disease that manifests in a structurally normal
heart; it is associated with an increased risk of sudden cardiac death (Priori et al.,
2001; Swan et al., 1999). The prevalence of CPVT is approximately 1:10,000, and the
mortality rate without treatment is as high as 30–35% by the age of 30 (Kontula et
al., 2005; Liu, Ruan, & Priori, 2008; van der Werf & Wilde, 2013). Clinical
manifestations are syncope and polymorphic ventricular tachycardia (Priori et al.,
2001; Swan et al., 1999). CPVT is caused by mutations mainly in the gene coding for
RYR2, but mutations in other genes have also been observed, e.g. ANK2 (ankyrin),
CALM1 and CALM2 (calmodulin 1 and 2), CASQ2 (calsequestrin), KCNJ2 (IKs),
SCN5A (INa), TECRL (transǦ2,3ǦenoylǦCoA reductaseǦlike protein), and TRDN
(triadin) (Roston, Van Petegem, & Sanatani, 2017). RYR2 is the largest known ion
channel protein, and it is located at the SR membrane, which is an intracellular Ca2+
store in CMs (Figure 2). In the physiologically normal condition, depolarization of
the sarcolemma during the initiation of the AP activates the ICaL. LTCCs and RYR2s
are located in close proximity to each other at junctional complexes where the SR is
close to T-tubules. The activation of LTCCs leads to the activation of RYR2s and
CICR. CPVT patients have arrhythmias during mental or physical adrenergic stress.
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Figure 4. Mutations in RYR2 cause calcium leak and CPVT via different mechanisms. Mutations can
lead to (A) hyperphosphorylation of RYR2 and unbinding of stabilizing calstabin2
(FKBP12.6), (B) lowered threshold for SOICR, (C) increased sensitivity to RYR2 activators
(caffeine, cAMP and 4-CmC (4-chloro-m-cresol)) and (D) unzipping of interdomain
interactions. (E) Schematic presentation of the RYR2 amino acid sequence, where the
studied mutations are located in clusters 1 (exon 3 deletion), 3 (L4115F), and 4 (V4653F).
Modified from Betzenhauser & Marks, 2010. Copyrights cleared via the Copyright
Clearance Center.
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Adrenaline binding to β-ARs triggers the signalling cascade via cAMP and PKA,
which results in the phosphorylation of calcium-handling proteins. In CPVT patients
with a mutated RYR2, increased [Ca2+]SR results in store overload-induced Ca2+
release (SOICR). The spontaneous Ca2+ leak can result in NCX-triggered EADs and
DADs (Pogwizd et al., 2001; Schlotthauer & Bers, 2000). These events can trigger
extra beats or tachyarrhythmias in CMs.
Mutations in RYR2 are enriched in four clusters in the amino acid sequence
(Figure 4E). They can alter the open probabilities and Ca2+ sensitivity of the channel
pore and therefore lower the threshold for spontaneous Ca2+ leak and arrhythmias
(figure 4B). Some mutations, especially in the transmembrane region, can affect the
Ca2+ permeation of the channel pore. Mutations may alter the binding or
phosphorylation of auxiliary proteins, therefore affecting the regulation and function
of RYR2 (Figure 4AC). Proteins known to interact with RYR2 include calsequestrin,
calmodulin, FKBP12.6 (calstabin2), CaMKII and PKA (D. Bers, 2006; Roston et al.,
2017; Van Petegem, 2015). Mutations in the N-terminal domain affect the
interactions at domain interfaces, which can lead to the altered Ca2+ activation of
RYR2 or interdomain interactions (unzipping), resulting in altered open probability
(figure 4D) (D. M. Bers, 2014). Even alternative folding of the protein has been
associated with RYR2 exon 3 deletion, resulting in a large 35-amino acid deletion in
the N-terminal domain (Lobo, Kimlicka, Tung, & Van Petegem, 2011).
To diagnose CPVT, electrocardiography is recorded during an exercise stress test,
since patients do not have arrhythmias in the absence of β-adrenergic stress. βblockers, which block β-ARs and thus inhibit sympathetic stimulation, are
commonly used as a therapeutic option. However, they do not provide complete
protection against potentially lethal arrhythmias. Carvedilol and flecainide have been
shown to have a stabilizing effect on RYR2 (Liu et al., 2011; Watanabe et al., 2009;
Q. Zhou et al., 2011). Therefore, they are presented as interesting treatment options
for CPVT. Carvedilol is a non-selective β1/β2/α-adrenergic blocker that has been
successfully used in the treatment of chronic heart failure (Poole-Wilson et al., 2003).
Flecainide, a class Ic antiarrhythmic agent, is a sodium channel blocker that inhibits
the INa and IKr. Flecainide has been used in the treatment of CPVT in clinics (Roston
et al., 2015; van der Werf et al., 2011). In the worst-case scenario, when drug therapy
is insufficient, implanted cardiac defibrillators and left cardiac sympathetic
denervation can be used as invasive therapeutic options.
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2.3

Methods to study and improve the functionality of hiPSC CMs

In addition to traditional molecular biology techniques, such as gene and protein
expression studies, electrophysiological measurements are widely used in the
characterization of CMs. The patch clamp is the gold standard method for studying
the electrical activity of a membrane using an electrode inside a glass pipette (Hamill,
Marty, Neher, Sakmann, & Sigworth, 1981). A very high resistance “gigaohm” seal
is made between the pipette and the membrane, and an amplifier is used to detect
the recorded electrical activity (Figure 5A). Another method for studying the
electrical activity of a cell culture is the multielectrode array (MEA) (Thomas,
Springer, Loeb, Berwald-Netter, & Okun, 1972). It records the changes in field
potential generated by the cells cultured on top of multiple electrodes (Figure 5B).

Figure 5. Functional characterization of hiPSC CMs. (A) The patch clamp technique can be used to
study action potentials (current clamp) and ion currents (voltage clamp). (B) Multielectrode
array (MEA) to study field potential. (C) Fluorescence imaging to study calcium and
membrane voltage. (D) Impedance measurement to study contractility. Reprinted from
Garg et al. (2018). Copyrights cleared via the Copyright Clearance Center.
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In addition to MEA electrodes, impedance measuring electrodes are used in a similar
manner to record the contractility and viability of cardiomyocytes (Figure 5D) (Guo,
Eldridge, Furniss, Mussio, & Davis, 2015). Furthermore, several imaging-based
methods are used to study the function and structure of CMs, like standard
brightfield and fluorescence microscopy (Figure 5C) and immunocytochemistry
(Björk et al., 2017; Kartasalo et al., 2015; Kiviaho et al., 2015).

2.3.1

Maturity of hiPSC CMs

There are usually cell line-to-cell line variations depending on the epigenetics and
origin of the cells, the reprogramming and differentiation methods, the culture
conditions, and natural variation, resulting in a heterogeneous population of CMs
(C. L. Mummery et al., 2012). These aforementioned reasons lead to various
phenotypes within the same cell model. Human iPSC-derived CMs are considered
structurally and functionally immature (Keung, Boheler, & Li, 2014; Robertson,
Tran, & George, 2013), and they exhibit different morphologies, structures,
proliferations, gene expressions, metabolisms, electrophysiological properties, and
calcium handling than mature adult CMs (Hoekstra, Mummery, Wilde, Bezzina, &
Verkerk, 2012; C. L. Mummery et al., 2012; Robertson et al., 2013). Adult CMs are
elongated and rod-like with an organized sarcomere structure and a sarcomere length
of 2μm. They have intercalated discs and T-tubules, and they mainly utilize the fatty
acid metabolism. Human iPSC CMs have an irregular morphology, an unorganized
sarcomere with a length less than 2μm, and an altered expression of ion channel and
calcium-handling protein genes (Robertson et al., 2013). These differences result in
the often criticized functionality of hiPSC CMs compared to adult CMs. An adult
CM AP has the phase 1 “notch” and a longer duration of phase 2 and phase 3,
resulting in a longer AP duration overall. More calcium is released from the SR
because of the T-tubules and organized junctional complexes leading to CICR,
therefore contributing to the longer AP phase 2. Adult ventricular CMs are
quiescent, whereas hiPSC CMs beat spontaneously because of the expression of the
If (Verkerk et al., 2007). The low expression of repolarizing potassium currents IKs
and IK1 in hiPSC CMs renders their diastolic membrane potential more depolarized
and unstable, therefore facilitating the generation of arrhythmias (Dhamoon & Jalife,
2005; Kane & Terracciano, 2017). Human iPSC CMs proliferate more than adult
CMs, which are one of the most slowly dividing cell types. Adult CMs generate
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contractile force according to the Frank-Starling law and have a positive forcefrequency response for β-adrenergic stimulation.
Much effort has been put into developing new strategies to produce even better
and more mature CMs. The maturation depends on the cultivation time, culture
substrate, and additional stimuli provided (Robertson et al., 2013). The culture
substrate affects the cells via connections to the extracellular matrix and focal
adhesion (Wickström & Niessen, 2018). Creating a 3D environment for the cells
increases these connections and negates the unnatural polarity compared to 2D
cultures. Additional mechanical, chemical, and electrical stimulation has been used
to create more mature cardiac tissue constructs by combining some of the earlier
approaches (Breckwoldt et al., 2017; Cyganek et al., 2018; Huebsch et al., 2016).
While the scientific community has been gaining more knowledge from a certain
perspective considering the maturity issue, some researchers have focused on
developing complex structures and functions into a cell culture platforms in vitro,
which are then described as “organs-on-chip”. For example, different metabolic
cocktails varying in glucose and fatty acid composition have been investigated in CM
maturity with the heart-on-chip platform (Huebsch et al., 2018). Present ongoing
studies worldwide aim to combine different cell types and factors into one
experimental device to create physiological models of the human body in vitro
(“body-on-chip”).
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3

AIMS OF THE STUDY

The main aims of this dissertation were:

1. To model catecholaminergic polymorphic ventricular tachycardia (CPVT) in
vitro with human induced pluripotent stem cell-derived cardiomyocytes (hiPSC
CMs) carrying mutations in RYR2 coding for the cardiac ryanodine receptor
(disease modelling);
2. To investigate differences in the electrophysiological properties of hiPSC CMs
generated from different CPVT patients (disease modelling);
3. To investigate the antiarrhythmic effects of carvedilol and flecainide in CPVT
patient-specific hiPSC CMs (drug screening);
4. To study the relation of membrane voltage, intracellular calcium and contraction
in hiPSC CMs during arrhythmias (arrhythmia mechanism).
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4

4.1

MATERIALS AND METHODS

Ethical consideration

The ethics committee of Pirkanmaa Hospital District approved the collection of skin
biopsies for generating the hiPSC lines (Aalto-Setälä R08070), and written informed
consent was obtained from all the donors. Skin biopsies for hiPSC establishment
were received from the Heart Hospital, Tampere University Hospital, Tampere, and
Helsinki University Hospital, Helsinki, Finland. The Animal Experiment Board of
the Regional State Administrative Agency for Southern Finland approved the
teratoma assay in mice (ESAVI/6543/04.10.03/2011).

4.2

Generation and culturing of hiPSC lines

Human iPSC lines were generated from skin fibroblasts either with Sendai
reprogramming vectors OCT4, KLF4, c-MYC, and SOX2 using the CytoTune-iPS
Reprogramming Kit (Life Technologies, Carlsbad, CA, USA) according to the
manufacturer’s instructions or by using pMX retroviral vectors OCT4, KLF4, cMYC, and SOX2 with or without the Cre-LoxP site as described earlier (Lahti et al.,
2012; Ohnuki, Takahashi, & Yamanaka, 2009). In this study, four CPVT hiPSC lines
carrying the following RYR2 mutations were used (Table 3): UTA.05605.CPVT (I,
III) and UTA.05603.CPVT (I) with exon 3 deletion c.168-301_c.273+722del1128
(results pooled), UTA.03706.CPVT (I) with point mutation p.L4115F
(c.12343C>T), and UTA.05404.CPVT (I) with point mutation p.V4653F
(c.13957G>T). The mutation nomenclature is based on RYR2 reference sequence
NM_001035.2 Two hiPSC lines from healthy individuals were used as controls:
UTA.04602.WT (I-III) and UTA.04511.WT (II) (Table 3).
Human iPSCs were cultured on mitomycin C-inactivated mouse embryonic
fibroblasts (MEFs)(26,000 cells/cm2, CellSystems Biotechnologie Vertrieb GmbH,
Troisdorf, Germany), which act as feeder cells to support the growth of
undifferentiated hiPSCs and maintain their pluripotent state in the hiPSC
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maintenance medium (KO-DMEM (Thermo Fisher Scientific, Waltham, MA, USA)
base, 20% KO-SR (Thermo Fisher Scientific), 1% non-essential amino acids
(NEAA, Lonza Group Ltd, Basel, Switzerland), 2mM GlutaMax (Thermo Fisher
Scientific), 50 U/ml penicillin/streptomycin (Lonza), 0.1 mM 2-mercaptoethanol
(Thermo Fisher Scientific), and 4 ng/ml basic fibroblast growth factor (bFGF,
Peprotech, Rocky Hill, NJ, US)). The medium was changed three times per week.
The undifferentiated state of the hiPSCs was confirmed by morphologic analysis
with a Nikon Eclipse TS100 phase contrast microscope (Nikon Instruments Europe
B.V. Amstelveen, the Netherlands) and an Altra-Cell-D-Bundle camera (Olympus
Corporation, Tokyo, Japan), and undifferentiated colonies were passaged weekly on
new MEFs. MEF feeder cell layers were manually removed by scraping with a pipette
tip and treated with 1 mg/ml Collagenase IV (Thermo Fisher Scientific). The
remaining attached hiPSC colonies were transferred to a new culture plate. The
characterization of the hiPSC lines was done as described earlier (Ahola et al., 2014;
Kujala et al., 2012).

Table 3.

Cell lines, mutations and methods used to characterize the CMs in the studies.

Cell line
UTA.04602.WT

Mutation
none

UTA.04511.WT

none

UTA.03706.CPVT

RYR2-L4115F

UTA.05404.CPVT
UTA.05603.CPVT

RYR2-V4653F
RYR2-exon 3
deletion
RYR2-exon 3
deletion

UTA.05605.CPVT

4.3

Study Method
I,II,III current clamp, voltage clamp, video,
calcium imaging
II
current clamp, voltage clamp,
calcium imaging
I,III
current clamp, video, calcium
imaging
I
calcium imaging
I,III
current clamp, video, calcium
imaging
I
calcium imaging

Characterization of hiPSCs

The characterization of the hiPSC lines has been published earlier: UTA.04602.WT
(Ahola et al., 2014); UTA.04511.WT (Ojala et al., 2016); UTA.03706.CPVT,
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UTA05404.CPVT, and UTA.05605.CPVT
UTA.05603.CPVT in Study I.

4.3.1

(Kujala

et

al.,

2012);

and

Immunocytochemistry

Undifferentiated hiPSC colonies were fixed with 4% paraformaldehyde (PFA,
Sigma-Aldrich, Saint Louis, USA); stained with primary antibodies for Nanog (R&D
systems Inc., Minneapolis, MN, USA), OCT4 (R&D systems Inc.), SOX2 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), TRA-1-60 (Millipore, Billerica, MA,
USA), and TRA-1-81 (Millipore); and visualized with secondary antibodies as
described before (Marisa Ojala et al., 2012). Finally, the cells were mounted with
Vectashield (Vector Laboratories Inc., Burlingame, CA, USA) containing 4’,6diamidino-2-phenylindole (DAPI) for the nuclei staining and imaged with an
Olympus IX51 phase contrast microscope equipped with fluorescence optics and an
Olympus DP30BW camera.
The CMs were dissociated and plated onto 12mm-diameter coverslips. After 7
days, the CMs were fixed with 4% paraformaldehyde (Sigma-Aldrich) and stained
with cardiac Troponin T (cTnT, 1:500; Abcam), ICaL (CaV1.2, 1:500; Alomone labs,
Jerusalem, Israel), and RYR2 (1:200; Alomone labs) primary antibodies. The
secondary antibodies were Alexa-Fluor-488-anti-goat-IgG and Alexa-Fluor-568anti-rabbit-IgG (1:800) (both from Thermo Fisher Scientific). The cells were
mounted with Vectashield containing DAPI for staining the nuclei. Z-stacks were
acquired with a Nikon A1 confocal laser-scanning microscope (Nikon, Tokyo,
Japan) using 60× oil immersion objectives (N.A.=1.4, Nikon). The images were
further processed using ImageJ (NIH).

4.3.2

RT-PCR

The RNA was extracted from the hiPSC lines with a NucleoSpin RNA II Kit
(Macherey-Nagel GmbH & Co., Düren, Germany) and 500–1000 ng of RNA was
transcribed to cDNA with a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Life Technologies). The presence of pluripotency genes
Nanog, SOX2, REX1, OCT4, and c-MYC and the absence of virally imported
exogenes (OCT4, SOX2, c-MYC, and KLF4) were confirmed by RT-PCR.
Glyceraldehyde 3-phosphate dehydrogenase was used as an endogenous control.
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The primer sequences for pluripotent genes and virally imported exogenes have been
published earlier (Takahashi et al., 2007). The primer sequences used for the
detection of Sendai transgenes are described in the CytoTune-iPS Reprogramming
Kit’s manual (Life Technologies).

4.3.3

Karyotype analysis

The karyotypes of hiPSC lines were studied by G-banding (Medix Laboratories,
Espoo, Finland) or by a KaryoLite assay (Lund et al., 2012) (Turku Centre for
Biotechnology, University of Turku, Turku, Finland).

4.3.4

Pluripotency analysis

The pluripotency of hiPSC lines was confirmed in vitro by embryoid body (EB)
formation and in vivo by a teratoma assay. Human iPSCs were removed from the
feeder cell layer and cultured in suspension to form EBs. The EBs were cultured in
an EB medium consisting of ko-DMEM supplemented with 20% foetal bovine
serum (FBS, Biosera, Boussens, France), 1% NEAA (Lonza), 2 mM GlutaMax (Life
Technologies, Invitrogen), and 50 U/mL penicillin/streptomycin (Lonza) for 4–6
weeks before RNA extraction. Some 200ng of RNA was transcribed to cDNA for
the RT-PCR analysis. The presence of all three germ layers – the endoderm (AFP,
SOX17), ectoderm (SOX1, NESTIN, and Musashi), and mesoderm (KDR, alpha
cardiac actin) – was studied with RT-PCR. For the in vivo pluripotency assay, hiPSCs
were injected under the testis capsule of nude mice and the formed teratomas were
collected and fixed with 4% PFA 8 weeks after injection. The teratomas were
embedded in paraffin, cut into sections, and stained with haematoxylin and eosin.

4.4

Cardiac differentiation and dissociation of beating CM
aggregates

Differentiation into cardiomyocytes was carried out by co-culturing hiPSCs (50,000
cells/cm2) with murine visceral endoderm-like (END-2) cells (gift from Prof.
Mummery, Humbrecht Institute, Utrecht, the Netherlands) (C. Mummery et al.,
2003). The END-2 cells were mitomycin C- (Sigma Aldrich, St. Louis, MO, USA)
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inactivated (5 μl/ml, 3h), trypsinized (Lonza), and plated on a 12-well-plate (Nunc)
with 175,000 cells/well in a DMEM-F12 (Thermo Fisher Scientific) -based medium
(7.5% FBS (Biosera), 1% NEAA (Lonza), 2 mM GlutaMax (Thermo Fisher
Scientific), and 50 U/ml penicillin/streptomycin (Lonza)). The END-2 cells were
left to attach at 37°C overnight. The 0% KO-SR KO-DMEM (Thermo Fisher
Scientific) -based medium (1% NEAA (Lonza), 2mM GlutaMax (Thermo Fisher
Scientific), 50 U/ml penicillin/streptomycin (Lonza), and 0.1mM βmercaptoethanol (Thermo Fisher Scientific)) was changed to END-2 cells an hour
before plating the hiPSCs. MEFs were removed as described above. The hiPSC
colonies were transferred onto END-2 cells at ~30 colonies/well with a minimal
amount of culture medium. The cells were co-cultured at 37°C in 5% CO2. The 0%
KO-SR-medium was changed on days 5, 8, and 12. After 15 days of culturing, the
medium was changed to a KO-DMEM (Thermo Fisher Scientific) -based medium
(10% KO-SR (Thermo Fisher Scientific), 1% NEAA (Lonza), 2mM GlutaMax
(Thermo Fisher Scientific), 50 U/ml penicillin/streptomycin (Lonza), and 0.1mM βmercaptoethanol (Thermo Fisher Scientific)) and changed 3 times a week. The cells
were monitored with phase-contrast microscopy (Nikon Eclipse TS100 microscope,
Imperx IGV-B1620M-KC000 camera, JAI Camera Control Tool software). The
hiPSCs formed spontaneously beating clusters after 15 days of co-culturing.
Beating clusters were cut and isolated with a scalpel and dissociated (C. Mummery
et al., 2003). Beating areas were washed in Low-Ca buffer (12ml 1M NaCl, 0.54ml
1M KCl, 0.5ml 1M MgSO4, 0.5ml 1M Na pyruvate, 2ml 1M glucose, 20ml 0.1M
taurine, and 1ml 1M HEPES (pH adjusted to 6.9 with NaOH)) at room temperature
(RT) for 30 minutes and treated with buffer (12ml 1M NaCl, 3μl 1M CaCl2, 0.54ml
1M KCl, 0.5ml 1M MgSO4, 0.5ml 1M Na pyruvate, 2ml 1M glucose, 20ml 0.1M
taurine, 1 mg/ml collagenase A (Roche Diagnostics, Basel, Switzerland), and 1ml 1M
HEPES (pH adjusted to 6.9 with NaOH)) including collagenase A (Roche
Diagnostics) at 37 ˚C for 45 minutes. The cells were incubated in KB medium (3ml
1M K2HPO4, 8.5ml 1M KCl, 2mmol/l Na2ATP, 0.5ml 1M MgSO4, 0.1ml 1M
EGTA, 0.5ml 1M Na pyruvate, 2ml 1M glucose, 5ml 0.1M creatine, and 20ml 0.1M
taurine, pH 7.2; 20μl of 1M glucose was added per 1ml of KB-medium before use)
at RT for one hour. Washed beating areas were resuspended in EB medium (20%
FBS (Biosera) in KO-DMEM (Thermo Fisher Scientific), 1% NEAA (Lonza), 2mM
GlutaMax (Thermo Fisher Scientific), and 50 U/ml penicillin/streptomycin (Lonza))
by pipetting up and down several times against the bottom of the dish. The cells
were plated on 0.1% gelatine-coated glass coverslips and analysed 4–7 days after
dissociation.
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4.5

Calcium and video imaging

The same rig was used for both video and calcium imaging (Figure 6). For calcium
imaging, the cells were loaded with 4μM Fluo-4 AM (Thermo Fisher Scientific) for
30 minutes in extracellular solution at 37°C, whereas for the video imaging, the cells
were unstained. Extracellular solution was heated to 36±1°C with an SH-27B inline
heater controlled with a TC-324B controller unit (Warner instruments Inc., CT,
USA). The perfusion was controlled by a gravity-driven VC38 application system
(ALA Scientific Instruments Inc., NY, USA). Calcium imaging was performed with
an inverted Olympus IX70 microscope using a UApo/340 0.75NA 20x air objective
and an ANDOR iXon 885 EM-CCD camera (Andor Technology, Belfast, Northern
Ireland) synchronized with a Polychrome V (TILL Photonics, Munich, Germany)
light source. LiveAcquisition software (TILL Photonics) was used to control the
light source and camera during acquisition. Fluo-4 was excited at a 490nm
wavelength and the emission was recorded through an Olympus U-MF2 Alexa 488
band-pass filter cube (excitation 470–495, emission 525/50nm) with a fixed frame
rate of 50FPS. For the video imaging, the same system with an LCAch N PhC
0.40NA 20x air objective and a TH4-200 light source (both from Olympus) was
used. The frame rate of the videos were 50–105FPS depending on the camera chip
pixels cropped to the size of the imaged cell. The pCLAMP 10.2 software (Molecular
devices, San Jose, CA USA) was configured to record the synchronization pulses
between the imaging and patch clamp systems. The synchronization pulse was sent
from the imaging system to the patch clamp system during the acquisition of each
imaging frame.

4.6

Current and voltage clamp

Current clamp recording and calcium or video imaging were performed
simultaneously on the same rig utilizing the same perfusion system (Studies II, III)
(Figure 6). Patch pipettes (Harvard Apparatus Ltd., Holliston, MA, USA) were
freshly prepared using a PC-10 micropipette puller and flame polished with MF-830
microforge (both from Narishige Int., Tokyo, Japan). The patch electrodes had a tip
resistance of 2.0–3.0 MΩ with the intracellular solution. For the patch clamp
experiments, a perforated patch using Amphotericin B was performed. An Axon
Series 200B patch-clamp amplifier was connected to a Digidata 1440a AD/DA
converter (both from Molecular devices, San Jose, CA, USA) operated by pCLAMP
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10.2 software. APs were recorded in the gap-free mode in the current clamp from
the spontaneously beating hiPSC CMs. The current clamp recordings were digitally
sampled at 20 kHz and filtered at 2 kHz using a low-pass Bessel filter on the
recording amplifier.

Figure 6. Schematic illustration of the electrophysiology measurement setup. The patch clamp
system and imaging system were synchronized with a synchronization pulse, which was
used to correlate action potential data with either calcium or contraction recording. The
patch clamp system acquired action potential (current clamp) and ion current (voltage
clamp) data. The imaging system acquired contraction (brightfield) and calcium
(fluorescence) data. Cardiomyocytes (CM) were perfused with heated extracellular
solution. Modified from Prajapati et.al. (2018) under CC BY 4.0 license:
https://creativecommons.org/licenses/by/4.0/.

All the voltage clamp experiments were performed at 36±1°C. The extracellular
and intracellular solutions were the same as in the current clamp protocol with the
addition of specific ion channel blockers. The sodium current (INa) was measured
with the ramp protocol, with a holding potential (HP) of -80 mV. First, the cells were
depolarized to -120 mV for 50ms and then ramped up to 40 mV with a rate of 0.53
V/s. The Ca2+ current (ICa) was measured with an HP of -40 mV in the presence of
3mM 4-aminopyridine (4-AP) to block the transient outward potassium current (Ito).
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To elicit the Ca2+ current, a step protocol from -60 mV to 70 mV with the step size
of 10 mV was used. The Ito was measured in the presence of 300 μM CaCl2 to block
the Ca2+ current and an HP of -80 mV. A two-step protocol was used: first a step to
-50 mV for 50ms to inactivate sodium channels, then to the test potential of 500ms
from -50 mV to 70 mV, with a step size of 10 mV. The delayed rectifier potassium
current (IKr) was measured as a 1 μM E4031-sensitive current in the presence of 5
μM nimodipine and 10 μM chromanol to block the ICa and IKs respectively. Using
an HP of -40 mV, a step protocol from -20 to 40 mV of 3 s with a step size of 20
mV was used. The slow rectifier potassium current (IKs) was measured as a 10 μM
chromanol 293B-sensitive current in the presence of 5 μM nimodipine and 1 μM E4031 to block the ICa and IKr respectively. Using an HP of -40 mV, a step protocol
from 0 to 40 mV of 3 s with a step size of 20 mV was used. The IK1 and If were
measured as a 2 mM BaCl2-sensitive and -insensitive current respectively in the
presence of 300 μM CdCl2 and 3mM 4-AP. From the holding potential of -40 mV,
a test potential from -140 mV to 0 mV with a duration of 700ms and a step size of
10 mV was used.

4.7

Chemicals

All the drugs and chemicals for the experiments were purchased from the SigmaAldrich unless otherwise specified. Extracellular solutions for perfusion were freshly
prepared by diluting refrigerated 1M stock solutions. The composition of the
extracellular solution in the patch clamp experiments was (in mM) 143 NaCl, 4.8
KCl, 1.8 CaCl2, 1.2 MgCl2, 5 glucose, and 10 HEPES (pH adjusted to 7.4 with
NaOH). The composition of the intracellular solution in the patch clamp
experiments (in mM) was 132 KMeSO4 (MP biomedicals, USA), 4 EGTA, 20 KCl,
1 MgCl2, and 1 CaCl2 (pH adjusted to 7.2 with KOH). The composition of
extracellular solution in the experiments involving only calcium imaging was (in mM)
137 NaCl, 5 KCl, 0.44 KH2PO4, 20 HEPES, 4.2 NaHCO3, 5 D-glucose, 2 CaCl2, 1.2
MgCl2, and 1 Na-pyruvate dissolved in H2O (pH adjusted to 7.4 with NaOH). The
osmolarity of the solutions was checked and balanced with sucrose to match the
culture medium. E-4031, carvedilol and flecainide were dissolved in Milli-QTM water
and stored frozen. Nimodipine and chromanol 293B were dissolved in ethanol and
dimethyl sulfoxide (DMSO) respectively, and stored frozen. Cadmium chloride
(CdCl2) and barium chloride (BaCl2) were dissolved in Milli-QTM water and stored
at +4°C. On the day of the experiments, amphotericin-B was dissolved in DMSO
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and diluted in intracellular solution to 0.24 mg/ml, and 4-AP was dissolved in the
extracellular solution on the day of experiment. On the day of the experiments, the
drugs were diluted in extracellular solution to their final concentrations of use.
Experiments were conducted with single dose. For study I, carvedilol (0,25 μM),
adrenaline (1 μM) and flecainide concentrations (10 μM) were chosen based on
literature. For study III, flecainide concentration was decreased to 1,5 μM because
of cessation of the beating of most of the CMs with the higher concentration during
patch clamp experiments. Carvedilol and adrenaline concentrations did not change
between studies I and III.

4.8

Data and statistical analysis

For calcium imaging analysis (Studies I and II), beating single cells or small clusters
were selected as regions of interest (ROI) and the background signal was subtracted
using LiveAcquisition software. Recorded calcium traces were further analysed with
Clampfit software version 10.5 (Molecular Devices). In Study I, CaTs were
categorized into seven groups (Figure 8A) with the following criteria (Penttinen,
Siirtola et al., 2015):
x
x
x
x
x
x
x

Oscillation (OS) if there were more than three peaks in the same event;
Multiple peaks (MP) if there were two or three peaks in the same event;
Alternans (AL) if there was a consistent alternating pattern in the amplitude
of six or more consecutive peaks in the trace;
Plateau abnormality (PA) if there was a significant disturbance in the rise or
decay phase of a peak (excluding MPs);
Low peaks (LP) if a single peak amplitude was 10–90% of the amplitude of
a normal peak in the trace;
Irregular phase (IP) if the phase was irregular in the absence of low peaks;
Normal (N) if the trace did not include any of the aforementioned
abnormalities.

The CPVT phenotype of the recorded cells was confirmed by the detection of
adrenaline-induced CaT abnormalities. Only cells that exhibited arrhythmias after
adrenergic stimulation were exposed to the drugs. The antiarrhythmic evaluation of
the studied drugs was assessed after the drug and adrenaline incubation phase. If all
the CaT abnormalities were abolished, the recorded trace was categorized as
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responder (Study I). If 50% or more of the abnormalities seen in the adrenaline phase
were abolished, the trace was categorized as semi-responder. The rest of the traces
were categorized as non-responders. Control cells were exposed to the drugs if the
CaTs were normal after adrenergic stimulation (healthy phenotype). The
proarrhythmic risk evaluation of the studied drugs in the control cells was assessed
after the administration of either drug with adrenaline, with responses categorized
into two groups: normal, which were completely normal, and drug-induced
arrhythmia if one or more arrhythmic event was present in the trace (Study I).
The recorded APs were analysed with a custom-made peak detection algorithm
in OriginTM 9.1 (OriginLab Corp., Northampton, USA). Voltage clamp data were
analysed using Clampfit software version 10.5 (Molecular Devices, USA). The hiPSC
CMs were categorized as ventricular-like when they showed an APD90/APD50 <
1.3 and an APA > 80 mV, atrial-like CMs with an APD90/APD50 > 1.35, and
nodal-like CMs when they showed an APD90/APD50 < 1.3 and an APA < 85 mV
with a slower dV/dT.
The contraction properties were analysed with the ImageJ plugin Musclemotion
(van Meer et al., 2018) using its built-in noise reduction and automatic reference
frame detection settings. Cell size was also measured with ImageJ.
Statistical analysis was carried out with SPSS software version 23 (SPSS, Chicago,
IL, USA). Comparison within cell lines (related samples before and after drug
administration) was performed with the non-parametric Wilcoxon test and between
cell lines (unrelated samples, line-to-line comparison) with the non-parametric
Mann–Whitney U test with the Dunn–Bonferroni post hoc method. A p<0.05 was
considered statistically significant. The correlation between the AP and CaT or
contraction transient (CT) parameters was checked with Pearson’s correlation test.
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5

RESULTS

CPVT and control CMs were differentiated from the hiPSC lines to study their
functional properties using different electrophysiological techniques: Action
potentials (APs) were recorded in perforated patch current clamp mode. Voltagegated ionic currents were measured in voltage clamp mode. Fluorescent imaging of
the Fluo-4 calcium indicator was used to CaTs. Brightfield video imaging was
conducted to assess the contractile properties (CTs). Adrenaline (1μM) was used to
induce arrhythmias in CPVT CMs. Potential antiarrhythmic effects of carvedilol
(0,25μM) and flecainide (10μM in study I and 1,5μM in study III) was investigated
with arrhythmic CPVT CMs.

5.1

Functional characteristics of control hiPSC CMs

APs were continuously recorded in gap-free mode while CaTs and CT were recorded
in sweeps of 20–30 s. The majority of the cells were characterized as ventricular-like
hiPSC CMs with the patch clamp method. Only a minority of the cells were atriallike or nodal-like hiPSC CMs. Examples of APs from each hiPSC CM subtype are
shown in figure 3A. The action potential duration at 90% and 50% of the
repolarization (APD90/50) ratio, which is commonly used as a CM subtype
indicator, was on average 1.16–1.19 in ventricular-like CMs, 1.38–1.43 in atrial-like
CMs, and 1.4–1.7 in nodal-like CMs (Studies II and III). The average beating rate of
the control CMs throughout the studies ranged from 40–59 BPM in ventricular CMs,
46–70 BPM in atrial CMs, and 52–86 BPM in nodal CMs. The results showed that
the average APD90 of ventricular-, atrial-, and nodal-like hiPSC CMs were 303–
326ms, 208–236ms, and 150–195ms, respectively. APD90 is heavily dependent on
the beating rate, with a strong negative correlation. The maximum diastolic potential
(MDP) was -62–-74 mV in ventricular-, -69–-72 mV in atrial-, and -52–-59 mV in
nodal-like CMs. The upstroke velocity (dV/dT) was on average 14–22 V/s in the
ventricular-, 26–54 V/s in the atrial-, and 2.9–8.6 V/s in the nodal-like CMs.
CaTs were recorded by the fluorescent imaging of Fluo-4, a Ca2+-sensitive dye.
The results from Study II show the positive correlations between CaT and AP
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durations. The CaT90 in ventricular-, atrial-, and nodal-like hiPSC CMs were 791ms,
553ms, and 513ms, respectively. In study I, CM subtypes could not be differentiated,
a limitation of the method. Therefore, the results consist of mixed population of
atrial, ventricular and nodal CMs. Furthermore, abnormal transients altered the
parametric characteristics, and the calcium dye can prolong the transients. Therefore,
the CaT durations are longer in Study I. The rise and decay times were 250ms and
541ms in ventricular-, 55ms and 498ms in atrial-, and 123ms and 390ms in nodallike hiPSC CMs.
Contraction properties were studied with video imaging simultaneously with the
current clamp recordings. Because of the recording conditions, absolute contraction
amplitude values could not be compared between the cells at the baseline because
they were recorded at different positions in the chamber. However, the changes in
contraction amplitude in different conditions within the same CM can be compared.
The results show that the average contraction duration at 90% relaxation (CTD90)
was 387ms with a time to peak of 159ms and a relaxation time of 228ms in the
ventricular control hiPSC CMs (Table 6).
Table 4.
Electrophysiological characteristics of hiPSC CMs at the baseline and the effect of
adrenaline (1μM), carvedilol (0,25μM), and flecainide (1,5μM) on the action potential parameters
(Study III). Percentages indicate changes in the parameters.
ACTION POTENTIAL (ventricular) Study III
cell line

N

condition

BPM

APD10

APD50

APD90

APA

MDP

dV/dT

ratio

E3D

n=20

baseline

55.3

94.3 ms

208.2ms

248.2ms

106.9mV

-66.3mV

16.7V/s

1.19

n=20

adrenaline

+46%

-20%

-18%

-17%

-4%

+4%

+4%

+1%

n=13

carvedilol

-39%

+14%

+13%

+16%

+1%

+1%

-16%

+3%

n=7

flecainide

-19%

+8%

+10%

+18%

-1%

-2%

-16%

+7%

n=25

baseline

65.2

101.6ms

216.2ms

248.9ms

112.0mV

-71.7mV

23.2V/s

1.16

n=25

adrenaline

+39%

-19%

-16%

-14%

-3%

+1%

+5%

+2%

n=6

carvedilol

-19%

+21%

+23%

+29%

-3%

-1%

-44%

+5%

n=19

flecainide

-21%

+11%

+18%

+25%

0%

+1%

-7%

+6%

n=15

baseline

59.0ms

100.7ms

261.8ms

302.8ms

114.4mV

-74.0mV

22.0V/s

1.16

n=15

adrenaline

+57%

-15%

-13%

-12%

0%

0%

+11%

+2%

n=5

carvedilol

-29%

+5%

+4%

+7%

-1%

-1%

-11%

+3%

n=10

flecainide

-26%

+8%

+10%

+18%

-1%

0%

-22%

+8%

L4115F

WT

BPM=beats per minute, APD=action potential duration, APA=action potential amplitude, MDP=maximum diastolic potential,
dV/dT=upstroke velocity, ratio=APD90/50. N=number of cells recorded. E3D=UTA.05603.CPVT, L4115=UTA.03706.CPVT,
WT=UTA.04602.WT.
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Table 5.
Electrophysiological characteristics of hiPSC CMs at the baseline and the effect of
adrenaline, (1μM), carvedilol (0,25μM), and flecainide (10μM) on the calcium parameters (Study
I). Percentages indicate changes in the parameters.
CALCIUM (mixed) Study I
cell line

N

condition

BPM

CaT50

CaT90

CaT
amplitude
(ΔF/F0)

E3D

N=99

baseline

30

1375ms

2922ms

1.26

177

319178

92 %

N=99

adrenaline

+22 %

-3 %

+7 %

-2 %

1%

7%

100 %

n=59

carvedilol

-22 %

+14 %

+65 %

-11 %

-17 %

+15 %

54 %

n=39

flecainide

-19 %

+16 %

+13 %

-28 %

-14 %

-24 %

48 %

N=88

baseline

37

614ms

1465ms

2.15

145

201042

75 %

N=88

adrenaline

+9 %

+1 %

-5 %

-1 %

+3 %

-5 %

100 %

N=36

carvedilol

-27 %

+10 %

+29 %

-21 %

-7 %

-16 %

69 %

N=51

flecainide

-28 %

+43 %

+33 %

-25 %

-13 %

-15 %

67 %

N=76

baseline

38

808ms

1878ms

1.90

123

184570

72 %

N=76

adrenaline

+6 %

+7 %

+8 %

+2 %

+1 %

+14 %

100 %

N=33

carvedilol

-16 %

+7 %

+3 %

-11 %

-5 %

-15 %

64 %

N=43

flecainide

-22 %

+45 %

+33 %

-20 %

-10 %

-3 %

70 %

N=111

baseline

34

580ms

1330ms

2.48

46

54644

19 %

N=111

adrenaline

+9 %

+5 %

-3 %

+2 %

+3 %

+5 %

0%

N=49

carvedilol

-35 %

+13 %

+23 %

-14 %

-5 %

-5 %

26 %

N=62

flecainide

-29 %

+94 %

+77 %

-22 %

-9 %

+41 %

61 %

L4115F

V4653F

WT

diastolic
calcium
level (F0)

CaT
area

CMs with
abnormal
calcium
transients

BPM=beats per minute, CaT50 or 90=calcium transient duration at 50% or 90% decay from peak amplitude. N=number of cells
recorded. E3D=UTA.05603.CPVT and UTA05605.CPVT, L4115=UTA.03706.CPVT, V4653F=UTA.05404.CPVT,
WT=UTA.04602.WT.

5.1.1

Voltage-gated ionic currents

Various voltage-gated ionic currents were studied in the control hiPSC CMs by the
voltage clamp technique, and the peak densities were recorded (Study II). In the fast
inward sodium responsible for AP phase 0, the INa peak current density was -23.1
pA/pF. Ito is activated following the rapid depolarization, and it is responsible for
the AP “notch” (phase 1). The peak Ito current density at 70 mV was 7.26 pA/pF.
The ICa, is responsible for the plateau of AP (phase 2), and the peak ICa current
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density at 10 mV was 2.6 pA/pF. In addition, Nimodipine (5μM) was used to block
ICaL and to confirm its necessity for the autonomic activity, which caused the
cessation of spontaneous beating in the hiPSC CMs. The IKr and IKs are activated
during the repolarization (phase 3). Their peak and tail current densities were the
following: IKr 1.0 and 1.1 pA/pF at 0 mV, respectively, and IKs 0.6 and 0.5 pA/pF
at 40 mV, respectively. In addition, IK1 contributes to the terminal repolarization and
diastolic membrane potential, and its peak current density was at -130 mV was -2.5
pA/pF. The funny current If responsible for the spontaneous activity of the hiPSC
CMs had a peak current density of -3.7 pA/pF at -130mV.

Table 6.
Electrophysiological characteristics of hiPSC CMs at the baseline and the effect of
adrenaline, (1μM), carvedilol (0,25μM) and flecainide (1,5μM) on the contraction parameters
(Study III). Percentages indicate changes in the parameters caused by the compounds.
CONTRACTION (ventricular) Study III
cell line

N

condition

BPM

CTD10

CTD50

CTD90

E3D

n=18

baseline

56

93.5 ms

202.3ms

341.8ms

n=18

adrenaline

+54%

-3 %

-4 %

0%

n=10

carvedilol

-41%

-1 %

+1 %

n=6

flecainide

-14%

-16 %

n=23

baseline

68

n=23

adrenaline

n=6

L4115F

WT

CTA

time to
peak

relaxation
time

145.2ms

196.6 ms

-5 %

+1 %

0%

-3 %

-32 %

-8 %

+5 %

-12 %

-12 %

-34 %

+2 %

-20 %

106.3ms

226.4ms

353.1ms

154.4ms

198.7ms

+38%

-6 %

-2 %

-2 %

-4 %

+5 %

-5 %

carvedilol

-27%

-2 %

+1 %

+8 %

-18 %

+1 %

+14 %

n=16

flecainide

-19%

-1 %

+0 %

+6 %

-7 %

-1 %

+11 %

n=11

baseline

62

93.1ms

223.3ms

387.3ms

159.1ms

228.1ms

n=17

adrenaline

+53%

-4 %

-9 %

-17 %

-1 %

-10 %

-20 %

n=5

carvedilol

-34%

-17 %

-15 %

-6 %

-20 %

-15 %

-1 %

n=6

flecainide

-25%

-5 %

6%

12 %

-11 %

-6 %

+32 %

BPM=beats per minute, CTD=contraction duration, CTA=contraction amplitude. N=number of cells recorded.
E3D=UTA.05603.CPVT, L4115=UTA.03706.CPVT, WT=UTA.04602.WT.
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5.2

Functional characteristics of CPVT hiPSC CMs

In Study I, CPVT hiPSC CMs carrying L4115F and V4653F point mutations and
exon 3 deletion (E3D) in RYR2 were studied. In Study III, the L4115F and E3D
CPVT CMs were studied. At the baseline, CPVT hiPSC CMs showed various
differences compared to the control hiPSC CMs: the APD90, CTD90, and CT
relaxation times were shorter, and the APA and CaT amplitude were lower (Studies
I, III) (Table 4, 5 and 6). In addition, the MDP was more depolarized compared to
the control CMs. Furthermore, the CPVT CMs had more calcium abnormalities and
arrhythmias compared to the controls. DADs and EADs were the most common
arrhythmias in the CPVT CMs in the patch clamp recordings (figure 7BC). MPs,
which resemble phase 3 EADs or triggered extra beats, were the most common
calcium abnormalities in the CPVT CMs (figure 7A). In addition, there were various
different calcium abnormalities and arrhythmias in the CPVT CMs, e.g. alternans.
The E3D-CPVT CMs were clearly different from the other CMs: they had the lowest
BPM, APA, MDP, and CaT amplitude, but also the lowest diastolic calcium levels
of all hiPSC CMs (Study I, III) (Table 4, 5). In addition, these CMs had the most
arrhythmias in the current clamp recordings. Furthermore, they also had the most
calcium OSs and MPs in CaTs and consequently the longest CaTs (Table 5). When
comparing the electrophysiological characteristics, L4115F and V4653F CPVT CMs
were closer to the control CMs than the E3D CPVT CMs (Study I, III). In addition,
L4115F CPVT CMs had the highest beating rate of all the studied CMs.

Figure 7. Incidence of arrhythmias in hiPSC CMs. (A) Overall incidence of calcium abnormalities in
CPVT CMs (study I). (B) DADs (delayed afterdepolarizations) per minute and (C) EADs
(early afterdepolarizations) per minute in control and CPVT CMs (study III).
OS=oscillation, MP=multiple peak, AL=alternans, PA=plateau abnormality, LP=low peak,
IP=irregular phase, bl=baseline, adr=adrenaline, fle=flecainide 1,5μM, car=carvedilol
0,25μM.
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5.3

Correlation between action potential, calcium transient and
contraction

CMs were loaded with calcium indicator Fluo-4, a perforated patch was achieved,
and simultaneous recording of APs and CaTs was conducted (Study II). The
upstroke of the AP in the hiPSC CMs was closely followed by an increase in [Ca2+]i,
which slowly decreased to the minimum diastolic level after repolarization (figure
8C). The CaT90 was approximately more than two times longer than the APD90. In
addition, there was a strong positive correlation between the respective APD and
CaT durations in the ventricular-like hiPSC CMs. Furthermore, simultaneous
recording of the APs and CTs was carried out in Study III. During the perforated
patch and current clamp mode, video of the beating CMs was recorded. There were
positive correlations between the respective APD and CTD parameters (Table 4, 6).
These results indicate that the AP, CaT, and CT parameters are coupled in various
different arrhythmic conditions.

5.4

Differences between CM aggregates and single cells

The area of single CMs or small CM aggregates was analysed from the videos
recorded simultaneously along with the patch clamp measurements. There were no
significant differences between the AP or contraction properties of the CM
aggregates and single cells (Study III). Therefore, the results from the aggregates and
single cells were pooled. In study III, 68% of the recordings were acquired from CM
aggregates and 32% from single CMs. An aggregate usually consisted of two or a few
cells connected to each other. The area of the aggregates was larger than the area of
the single CMs: 8280μm2 vs 5370μm2 on average. The aggregate area consisted of all
the cells within the aggregate. Single CMs were more spread out and larger compared
to those in an aggregate. Furthermore, there was no significant correlation between
cell area and any AP or contraction parameter.

5.5

Immunocytochemistry

Immunostaining of the control hiPSC CMs was performed to confirm the
expression of key proteins involved in calcium handling (Study II). Dissociated
hiPSC CMs were imaged 7 days after dissociation and plating with a confocal
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Figure 8. Arrhythmias in hiPSC CMs. (A) Calcium abnormalities (Study I). (B) Simultaneous action
potential and contraction recording from the same CM showing arrhythmias (Study III). (C)
Simultaneous action potential and calcium transients recorded from the same CM showing
arrhythmias (Study II). MP=multiple peak, OS=oscillation, AL=alternans, PA=plateau
abnormality, IP=irregular phase, LP=low peak, AP=action potential, CaT=calcium
transient, EAD=early afterdepolarization, DAD=delayed afterdepolarization, Vm=membrane
potential.
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microscope. Immunostaining of hiPSC CMs showed positive staining of the cardiac
marker cTnT and the calcium channels contributing to CICR: ICaL and RYR2.
Furthermore, the staining indicated a homogenous distribution of ICaL and RYR2 in
the hiPSC CMs.

5.6

Arrhythmias

CPVT manifests as the occurrence of arrhythmias under adrenergic stimulus.
Mutations in RYR2 thus cause abnormal calcium handling and arrhythmias in CMs.
In addition, adrenergic stress leads to the phosphorylation of key calcium-handling
proteins, including RYR2, and increases the SR calcium load, which facilitates the
disease condition. In studies I and III, all CPVT CMs were arrhythmic under
adrenergic stress whereas all control CMs were normal.

5.6.1

Adrenaline induced arrhythmias in CPVT hiPSC CMs

The CPVT CMs had an increased amount of DADs, EADs, and calcium
abnormalities after adrenaline, whereas adrenaline abolished arrhythmias in the
control CMs if any were present at the baseline (Study I, III). Representative traces
of different arrhythmias seen in this work are combined in Figure 8. Overall, there
were more DADs than EADs in E3D and L4115F CPVT CMs: 15 and 6 DADs and
0.23 and 0.07 EADs per minute, respectively (figure 7B and C) (Study III). On
average, the CPVT CMs exhibited 25% OS, 37% MP, 11% AL, 21% PA, 4% LP,
and 2% IP type calcium transient abnormalities after adrenergic stimulation with
adrenaline (figure 7A and 8A) (Study I). E3D CPVT CMs had the most arrhythmias
in all conditions. The MDP was more depolarized and diastolic calcium levels were
the highest – although the CaT amplitude ΔF/F0 was the lowest – in E3D CPVT
CMs (Table 4, 5). The amount of arrhythmias increased and the changes in the
aforementioned parameters were even more pronounced by adrenergic stress. The
incidence of different calcium abnormalities varied in different CPVT CMs. E3D
CPVT CMs had the highest incidence of OS (39%) and MP (46%) calcium
abnormalities after adrenergic stress compared to the other CPVT CMs (Study I).
The CaT duration was longer and the amplitude lower in these abnormal transients
compared to the normal transients (Figure 8A). E3D CPVT CMs had a clearly
different arrhythmia profile compared to the other CMs. In addition,
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tachyarrhythmic events were seen in 20% of E3D CPVT CMs and 4% of L4115F
CPVT CMs in the current clamp recording; these events were characterized as a
rapid increase in beat rate and the depolarization of the MDP for several seconds
(Figure 8B). Alternans was also recorded both in the Vm and CT in 8% of L4115F
CPVT CMs (Studies I, III). V4653F CPVT CMs had the highest incidence of calcium
alternans (28%).

5.6.2

Action potential, calcium transient and contraction during arrhythmias

During simultaneous patch clamp and calcium imaging, only a few DADs were
observed in the control hiPSC CMs at the baseline. DADs were defined as brief
abnormal membrane depolarizations after the completion of the repolarization.
Some 60% of the DADs seen in the Vm resulted in a detectable [Ca2+]i elevation,
whereas 40% of the DADs did not (Figure 8C). A correlation test was performed
between the relative DAD amplitude (% of the APA) and the corresponding relative
CaT amplitude (% of the CaT amplitude), and the results demonstrated a positive
correlation between these two parameters, suggesting that the amplitudes of the
DADs were dependent on the amplitude of the elevated [Ca2+]i (Study II). The
average DAD amplitude resulting in an elevation in [Ca2+]i was higher than the
average DAD amplitude without elevation (10.4 mV vs 6.5 mV). DADs were not
reflected in the contraction profile.
EADs were created in the control CMs by blocking the IKr with E-4031 (Figure
8C). EADs were defined as abnormal firing either during phase 2 or phase 3 of the
AP. Phase 3 EADs were reflected in both the CaT and contraction in simultaneous
measurements. [Ca2+]i closely followed the Vm in this arrhythmic condition and the
CT saw little decrease in the contraction amplitude, indicating a tight coupling of the
excitation and contraction in hiPSC CMs. However, burst EADs resulted in a
dramatically decreased contraction amplitude during the bursting episodes, which
reset to normal afterwards, indicating a disturbance in the coupling in these rapid
events (Figure 8B).
In calcium imaging, alternans was seen as alternating CaT amplitudes (Figure 8A).
Alternans was also seen in both AP and contraction as a discordant, negatively
coupled alteration in the APD and contraction amplitudes. Long and short APDs
were reflected as low and high contraction amplitudes, respectively. In addition, very
small MDP changes were seen during APD/contraction amplitude alternans: the
MDP was more repolarized after a long APD and more depolarized after a short
60

one. Tachyarrhythmic events were recorded simultaneously both in the AP and CT
(Figure 8B). The rapid increase in beat rate and the APD shortening resulted in an
elevated contraction amplitude and baseline elevation, unlike in the EAD burst
event. This indicates that in this arrhythmic condition, the coupling is better
maintained compared to burst EADs.

5.6.3

Antiarrhythmic effect of carvedilol and flecainide in CPVT hiPSC CMs

Both drugs were able to decrease the number of DADs in the CPVT CMs. Carvedilol
abolished almost all (93% DADs and 100% EADs) arrhythmias in L4115F CPVT
CMs, while flecainide decreased DADs by 67% and EADs by 49% (Study III). In
addition, flecainide and carvedilol decreased DADs by 60% and 51%, respectively,
in E3D CPVT CMs. Both carvedilol and flecainide were equally effective in
abolishing calcium abnormalities in CPVT CMs (Study I). Carvedilol abolished all
calcium abnormalities in 31% of L4115F CMs, 36% of V4653F CMs, and 46% of
E3D CPVT CMs, while the respective abolition by flecainide was 33%, 30%, and
52%, respectively (Table 5). The antiarrhythmic effect of the drugs was the best in
E3D CPVT CMs. Both drugs were able to abolish most of the calcium abnormality
types: Carvedilol abolished 27% OS, 63% MP, 0% AL, 19% PA, 33% LP, and 100%
IP type abnormalities. Flecainide abolished 32% OS, 51% MP, 27% AL, 20% PA,
57% LP, and 67% IP type abnormalities. However, flecainide abolished all alternans
abnormalities, whereas carvedilol did not abolish any (Study I, III). Carvedilol was
found to be more effective on E3D CPVT CMs in which the CaT amplitude (ΔF/F0)
was higher. Flecainide abolished one (100%) and carvedilol three (75%)
tachyarrhythmias.
APs were recorded continuously in the current clamp mode. The CaTs and CTs
were recorded as sweeps of a minimum of 20 seconds. CMs were first measured at
the baseline, then treated with adrenaline to stimulate the adrenergic stress, and
finally either with carvedilol or flecainide in the presence of adrenaline to study the
drug effects. In addition to causing arrhythmias in CPVT and decreasing them in the
control CMs, adrenaline had a positive chronotropic effect in all hiPSC CMs in the
patch clamp experiments (Study III). It increased upstroke velocity slightly and
beating rate greatly, most significantly in the control CMs (Table 4). In addition,
adrenaline decreased the APA and depolarized the MDP in E3D-CPVT CMs.
Adrenaline decreased the CTD, time to peak, and relaxation time more in the
controls than it did in the CPVT CMs (Table 6).
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Carvedilol and flecainide both had a negative chronotropic effect on all hiPSC
CMs: there was a decreased beating rate and an increased APD90. Carvedilol acts by
blocking the adrenergic receptors and negating the effects caused by adrenergic
stimuli on calcium cycling. Flecainide decreases the beating rate by increasing APD
by blocking the hERG (IKr). In addition, both drugs decreased the upstroke velocity
and increased triangularity (APD ratio) in CPVT CMs (Table 4). Flecainide decreases
the upstroke by blocking the sodium channels and the APD ratio is altered by
APD90 prolongation. Furthermore, both drugs lowered the CaT amplitude and
contraction amplitude of all hiPSC CMs, most significantly in E3D CPVT CMs
(Table 5). Both drugs are shown to directly affect the RYR2. Carvedilol had the least
effect on APDs in the control CMs and decreased the beating rate the least, but
upstroke velocity the most in L4115F-CPVT CMs. However, before adrenergic
stimulation, the L4115F CPVT CMs had higher BPM compared to controls (Table
4). In addition, carvedilol decreased the contraction amplitude more than flecainide
did in the L4115F CPVT and control CMs. Carvedilol affects the SR calcium cycling
via both adrenergic pathway and RYR2. Furthermore, carvedilol decreased the
CTDs the most in the control CMs (Table 6). Despite the beat rate dependent
blockade of sodium channels by flecainide, it decreased the upstroke velocity the
least, but prolonged the APD50 and 90 the most in L4115F CPVT CMs (Table 4).
Although, the L4115F CPVT CMs had the highest dV/dT to begin with. Moreover,
flecainide lowered the calcium transient amplitude by nearly double the amount
compared to carvedilol in the control CMs (Table 5). Even though both drugs
stabilize RYR2, in study I, flecainide concentration was 40 times higher than
carvedilol. Flecainide prolonged the CTDs and relaxation time the most in the
control CMs, similarly to the CaTs (Table 5 and 6). Surprisingly, flecainide decreased
the relaxation time and CTDs in E3D CPVT CMs.

5.6.4

Early afterdepolarizations (EADs) induced by flecainide and E-4031

Flecainide and carvedilol increased calcium abnormalities in 61% and 26% of the
control CMs, respectively; the control CMs had normal regular calcium transients
during adrenergic stress (Study I) (Table 5). Flecainide caused mostly PA calcium
abnormalities (87% of arrhythmias), increasing the duration and half-width of the
CaTs in the cells with a slower beating rate. In addition, flecainide increased the
amount of EADs in E3D CPVT CMs and caused two CMs to undergo
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tachyarrhythmia (Study III). Carvedilol caused mostly IP calcium abnormalities (69%
of arrhythmias) in the CMs that had a higher beating rate.
Simultaneous patch clamp and calcium imaging was conducted in an extracellular
solution (Study II). E-4031 (650nM) was used to block the IKr to study EADs in
hiPSC CMs. Various responses were observed. First, 10% of the CMs had
prolongation of both the APD and CaT by 72% and 77%, respectively, but no
EADs. Second, 40% of the CMs had a prolongation of 950% and 490% in both the
APD and CaT, respectively, in addition to phase 2 EADs (Figure 8C). The CaT90
was approximately only 1.1 times longer than the APD90, thus the difference
between the Vm and [Ca2+]i was closer during the terminal repolarization of the
EADs than in the normal condition. Third, 30% of the CMs had oscillatory beating
patterns with a depolarized MDP (+43%) and an increased beating frequency
(111%). In these cases, APD90 was increased by 41% but the CaT90 was decreased
by 2.4%. Finally, 20% of the CMs had a cessation of beating. In conclusion, blocking
the IKr in hiPSC CMs increases the APD90 and CaT90 dramatically, causes EADs,
and may alter the coupling of the Vm and [Ca2+]i. Therefore, presumably the
proarrhythmic effect of flecainide arises from the hERG block.

5.7

Summary of the results

In this work, patch clamp, calcium imaging and video imaging was used to
characterize electrophysiological properties of WT and CPVT hiPSC CMs. WT CMs
present all the important ionic current for generation of AP. CPVT CMs, especially
those carrying the RYR2 exon 3 deletion, had altered electrophysiological properties
compared to WT CMs (table 7). They had lower beating rate, shorter APD and
significantly more positive MDP. Furthermore, antiarrhythmic effect of carvedilol
and flecainide was investigated. Carvedilol and flecainide both had negative
chronotropic effects on all CMs (table 7). In addition, both lowered CTA in WT and
CPVT CMs. However, flecainide caused significant prolongation of CaT90 and
more arrhythmias in WT CMs compared to carvedilol.
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Table 7.
Summary of the results. Changes in electrophysiological parameters. Comparison of
E3D CPVT CMs vs WT CMs and effects of adrenaline, carvedilol and flecainide in WT and CPVT
CMs. Arrow up indicates increase and arrow down decrease. NA = not applicable.

BPM

APD90

CaT90

CTA

MDP

dV/dT

Arrhythmias

E3D vs WT

↓

↓

↑↑↑

NA

+++

↓↓

↑↑↑

Adrenaline (WT)
(CPVT)

↑↑
↑↑

↓↓
↓↓

↓
↑

none
↓

none
+

↑
↑

↓
↑↑↑

Carvedilol (WT)
(CPVT)

↓
↓

↑
↑↑

↑
↑

↓↓
↓

none
none

↓
↓↓

↑
↓↓

Flecainide (WT)
(CPVT)

↓
↓

↑
↑

↑↑↑
↑

↓
↓

none
none

↓↓
↓

↑↑
↓↓

64

6

DISCUSSION

Discussion and research on the immaturity of hiPSC-derived CMs has been on
going, but problems remain. The generation of hiPSC-derived CMs in a laboratory
environment is an unnatural process and far from perfect. Several structural and
functional deficiencies have been identified. Electrophysiological properties,
especially the presence of If and the lack of IK1 currents, have been linked to
immaturity (Goversen, van der Heyden, Marcel A. G., van Veen, Toon A. B., & de
Boer, 2018). However, even though hiPSC CMs are not the same as the CMs in the
adult myocardium, they possess important functional properties and provide a
unique and powerful tool for research purposes.

6.1

Electrophysiological properties of hiPSC CMs

The most evident difference between hiPSC CMs and adult CMs is automaticity.
The presence of the funny current (If) and the lack of IK1 are responsible for the
spontaneous beating of hiPSC CMs (Dhamoon & Jalife, 2005; Verkerk et al., 2007).
Adult CMs beat only for a while after extraction from the host, but after that they
are quiescent, though are able to be stimulated. In this dissertation, the beating was
spontaneous, with average rates of 40–60 BPM for the ventricular-like CMs and 45–
75 BPM for the atrial-like CMs.
The criteria for chamber-specific markers of CM subtypes has been previously
described (Kane & Terracciano, 2017). In studies II and III, the APD90/50 ratio
was used to determine CM subtypes. However, there is some controversy over
phenotypic characterization. The MDP in the control hiPSC CMs was -74 mV (Study
III). Even though the MDP is not as repolarized as in adult CMs (-85 mV), hiPSC
CMs have been reported with MDPs ranging from -57 mV to -75 mV (Hoekstra et
al., 2012). In addition and probably as a consequence, the APA of the hiPSC CMs in
study III (114mV) was quite high compared to what has been described elsewhere
(Hoekstra et al., 2012). In study III, the APD90 and the dV/dT – which describes
the upstroke velocity – are approximately around the average of what has been
reported in hiPSC CMs (Hoekstra et al., 2012).
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In Study II, by conducting voltage clamp experiments, it was found that the
important voltage-gated ionic currents are functional in control hiPSC CMs. The
current clamp experiments showed that the APs recorded from hiPSC CMs exhibit
all phases of AP, even “the notch”. The current densities and AP properties were
comparable to earlier studies on hiPSC CMs (Han et al., 2014; S. Lee, Lee, Choi,
Kim, & Kim, 2016; Ma et al., 2015; Spencer et al., 2014). During AP phase 0, the
depolarization of the Vm causes the opening of the ICaL and facilitates the main
pathway for calcium entry for CICR (Kane, Couch, & Terracciano, 2015). Consistent
with earlier studies, blocking the ICaL with nimodipine resulted in the cessation of
spontaneous beating in Study II, indicating the importance of the ICaL in the normal
function of CMs (Itzhaki et al., 2011; Spencer et al., 2014).
In this work, dissociated, sparsely seeded small CM aggregates or single cells were
used. There was no difference in electrophysiological properties between these two
groups. However, it has been reported that confluent and sparsely seeded CMs have
different electrophysiological properties (Du, Hellen, Kane, & Terracciano, 2015).
Many laboratories are utilizing CM monolayers in their experiments mainly because
of their applications in high throughput screening.
One of the structural defects of hiPSC CMs is the lack of T-tubules and the
underdeveloped SR, which affects the calcium handling. Therefore, junctional
complexes including L-type calcium channels and RYR2s are not as large and well
organized in hiPSC CMs as they are in mature cardiomyocytes. This favours the
generation of calcium sparks and spontaneous calcium release (Sato, Shannon, &
Bers, 2016). In this work, the contribution of different calcium currents to the whole
cell calcium transients was not studied, but it has been shown earlier that the process
includes mainly SERCA and NCX (Hwang et al., 2015). These properties can affect
the susceptibility of hiPSC CMs to arrhythmias.

6.2

Drug responses

In this research, 1μM adrenaline concentration was used to increase beating rate and
to induce arrhythmias mimicking adrenergic stimulation. In study I, possible βreceptor desensitization through a pathway mediated by β-arrestin, which causes
internalization of β-receptors via endocytosis, decreasing the amount of available
receptors, could explain the relatively small increase in the beating frequency. In
study III, APs were recorded in gap-free current clamp mode continuously therefore
providing better temporal resolution compared to study I, in which CaTs were only
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recorded as sweeps after 3 minutes of adding adrenaline. In study III, the effect of
adrenaline occurred already after 20 seconds. This was approximately the time it took
to switch from one perfusate to another in the system. Carvedilol and flecainide were
applied along with adrenaline. These drugs have different pathways of action – apart
from their effect on RYR2 – to reduce CM function. Carvedilol acts by blocking βadrenergic receptors leading to the phosphorylation of calcium-handling proteins
(e.g. RYR, SERCA, LTCCs) and the suppression of the calcium machinery.
Flecainide acts by blocking the sodium channels and IKr, leading to reduced
excitability and repolarization, but also the risk for EADs and arrhythmia. When the
β-receptors were desensitized, the drug effects were also altered because of the beat
rate dependency of flecainide and the availability of β-receptors for the β-blocker
carvedilol. In addition, carvedilol as a non-selective β-blocker also blocks α1adrenergic receptors. However, the potency for the α1-antagonism is 10 fold less
than for the β-receptors and the α1-mediated effect on contractility is only about
10% of the β-adrenergic stimulation (Jakob, Nawrath, & Rupp, 1988; Nichols,
Sulpizio, Ashton, Hieble, & Ruffolo, 1989). The exact contribution of different types
of adrenergic receptors was not studied in these experiments. To study the βadrenergic pathway alone, measuring cAMP response to adrenaline could shed some
light on this issue. Furthermore, the possible effect of experimental conditions when
changing from perfusate to another cannot be excluded.
Flecainide was superior in abolishing alternans compared to carvedilol. However,
in study I, 10μM flecainide caused calcium abnormalities in 61% of the control CMs
whereas the corresponding figure for carvedilol (0,25μM) was only 26%. In study
III, carvedilol (0,25μM) caused both EADs and DADs, whereas flecainide (1,5μM)
caused only EADs in the control CMs. Both carvedilol and flecainide have been
reported to have IKr blocking effects with IC50 values of 0,35μM (rabbit CM) and
3,9μM (HEK-cell) respectively (Cheng, Niwa, Kamiya, Toyama, & Kodama, 1999;
Paul, Witchel, & Hancox, 2002; Tamargo, Caballero, Gómez, Valenzuela, & Delpón,
2004). However, the IC50 value for carvedilol is higher than the dose used in these
experiments. Therefore, the effect is probably not relevant. In study I, the flecainide
concentration was 10μM and, in study III, it was 1,5μM. Therefore, the calcium
abnormalities caused by flecainide in study I were most likely caused by hERG block,
whereas in study III, the dose being under the IC50 value indicates another
mechanism for induction of EADs. Furthermore, both drugs lowered the
contraction amplitude and CaT amplitude and had a negative chronotropic effect on
all hiPSC CMs as anticipated. Neither drug affected the APA or MDP significantly.
Despite the demonstrated antiarrhythmic efficacy of the drugs in these experiments,
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there were still a substantial amount of arrhythmias present after drug administration,
indicating these treatments provide only partial protection from arrhythmias.
Therefore, it is important to find additional drug therapies for CPVT.

6.2.1

Flecainide

Flecainide is typically used to treat tachycardia i.e. atrial fibrillation. However, class
Ic antiarrhythmic agents are known to be associated with proarrhythmia.
Proarrhythmic risk of flecainide has been investigated in the clinical Cardiac
Arrhythmia Suppression Trial where patients treated with flecainide had higher
mortality rates after myocardial infarction compared to placebo group (Echt et al.,
1991). However, in another clinical study flecainide successfully treated CPVT
patients without worsening of exercise-induced ventricular arrhythmias (van der
Werf et al., 2011). Flecainide is contraindicated in structurally abnormal hearts
because it slows conduction velocity in myocardium and can therefore facilitate reentry.
Flecainide has several modes of action. First, as a class Ic antiarrhythmic agent, it
is a strong sodium channel blocker, which indirectly inhibits RYR2 via ICaL and
CICR. Second, the INa block increases the threshold for EAD- and DAD-triggered
APs. The third is the direct block of RYR2 by binding to it (Hilliard et al., 2010;
Watanabe et al., 2009). In studies I and III, flecainide decreased the contraction
amplitude, CaT amplitude and diastolic calcium levels in all hiPSC CMs, but the
direct effect on RYR2 could not be confirmed with the methods used in these
experiments. There has previously been debate about whether flecainide has a direct
effect on RYR2 or not (Smith & MacQuaide, 2015). Flecainide’s effect on RYR2
could also be explained by its effect on some of the numerous RYR2 regulators, such
as protein kinases (PKA, CaMKII), calmodulin and calstabin (Betzenhauser &
Marks, 2010).
Furthermore, flecainide is also a hERG blocker (Melgari, Zhang, El Harchi,
Dempsey, & Hancox, 2015). Decreased repolarization of the CM membrane
potential leads to the prolongation of the APD and in a longer window for the
opening of the ICaL and NCX, increasing the chances for triggered activity. Overall,
flecainide prolonged the APD90 in all hiPSC CMs. By blocking the IKr, flecainide
caused calcium abnormalities in 61% of the control CMs, resulting in prolongation
of the plateau phase of the CaTs and prolonged CaT duration. In addition, flecainide
increased the incidence of EADs in the control and E3D CPVT CMs. Furthermore,
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the control CMs in which flecainide caused calcium abnormalities had a longer CaT
duration and lower BPM initially before the treatment compared to the cells that
were normal.
The antiarrhythmic effect of flecainide has been previously described. Flecainide
has been shown to reduce spontaneous calcium wave and spark abnormalities in
L3741P-RYR2 CPVT hiPSC CMs (Preininger et al., 2016). Flecainide abolished 57%
of calcium abnormalities and decreased the SOICR incidence by 15% in CPVT2
hiPSC CMs with a calsequestrin (CASQ2) mutation (Maizels et al., 2017). These
results, in addition to study I in which flecainide abolished 38% of calcium
abnormalities, suggest stabilization of calcium release via RYR2. Similarly to study
III, flecainide completely eliminated or significantly decreased the amount of DADs
during the patch clamp recording of M4109R-RYR2 CPVT hiPSC CMs (Itzhaki et
al., 2012). In study III, flecainide decreased DADs by 67% and EADs by 49% in
CPVT hiPSC CMs. All these results, even though from CPVT models with different
RYR2 mutations, demonstrate the antiarrhythmic efficacy of flecainide. However,
other studies have not reported the proarrhythmicity of flecainide in their models.

6.2.2

Carvedilol

Carvedilol is a non-selective β1/β2/α1-adrenergic blocker used in the treatment of
heart failure (Cheng et al., 1999; Poole-Wilson et al., 2003). In addition, it is shown
to have a reactive oxygen species suppressive anti-inflammatory effects (Dandona,
Ghanim, & Brooks, 2007). The efficacy of β -blockers in the treatment of
arrhythmias in CPVT is based on their capability to block the β-adrenergic signaling
pathway and decrease the calcium load and function of the cardiac muscle. In
addition to its β -blocking abilities, carvedilol has been shown to suppress SOICR
and calcium waves in different cell models by directly blocking RYR2 (Maizels et al.,
2017; Maruyama et al., 2013; Q. Zhou et al., 2011). In this work, carvedilol decreased
the contraction amplitude and CaT amplitude in all hiPSC CMs but, again, the direct
effect on RYR2 could not be confirmed. However, if the majority of the β-receptors
were desensitized and internalized, the direct effect of carvedilol on RYR2 could
explain the antiarrhythmic efficacy in study I. However, the role of the α-block and
the suppression of oxidative and inflammatory stress by carvedilol was not
elucidated. In addition, carvedilol showed classic β-blocker abilities by decreasingthe
beat rate and contractility and prolonging the APD and CaT (study I, III).
Furthermore, carvedilol abolished more MP calcium abnormalities and EADs
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compared to flecainide. MP calcium abnormalities bear a strong resemblance to the
phase 3 EADs observed in the current clamp recordings. Carvedilol abolished all
EADs and the majority of DADs in L4115F CPVT CMs. In few control hiPSC CMs,
carvedilol caused irregular beating, DADs, and EADs.

6.3

CPVT

Following the discovery of mutations causing CPVT, studies with mutant RYR2
mouse models have been published (Cerrone et al., 2007; Liu et al., 2006; Priori et
al., 2001; Swan et al., 1999). The increased open probability of mutated RYR2 leading
to spontaneous calcium release and a lowered threshold for triggered activity has
been identified as a primary cause for DADs and arrhythmia. Patch clamp recordings
showing DADs under isoproterenol or other adrenergic stimuli have confirmed this.
In addition, flecainide was proposed as an interesting option for the treatment of
CPVT because of its antiarrhythmic efficacy in CPVT cell models in vitro (Liu et al.,
2011; Watanabe et al., 2009). However, the electrophysiological properties of mouse
and human CMs are different. With the invention of hiPSC-derived CMs,
electrophysiology studies using CPVT patient-derived CMs were published (Di
Pasquale et al., 2013; Fatima et al., 2011; Itzhaki et al., 2012; Kujala et al., 2012;
Novak, Lorber, Itskovitz-Eldor, & Binah, 2012). The disease phenotype was again
confirmed, but now in a human model in vitro.
Point mutations in RYR2 cause a gain of function and spontaneous calcium leak
through the channel leading to altered calcium cycling in CMs (Xiao et al., 2016).
Ca2+-activated transient currents influence the characteristics of the AP, and
abnormal intracellular calcium handling causes arrhythmias in disease conditions
such as CPVT (Laflamme & Becker, 1996; Swan et al., 1999). The L4115F and
V4653F mutations in RYR2 are located in mutation clusters 3 and 4, more precisely
in the central and channel domains of the protein (Figure 9) (Peng et al., 2016). In
both mutations, the original amino acid is replaced by tryptophan, an aromatic amino
acid, which is large among the essential amino acids. It could easily be seen as
creating a disruption in the tightly packed central and channel domains of RYR2,
altering its function. The functional domains of the proteins are generally highly
conserved and even small disruptions of chemical bonds can result in protein
misfolding. However, it is difficult to say without detailed protein modelling what
structural aberrations the mutations could cause in RYR2 exactly. It is also possible
that the mutations studied in this dissertation affect the binding or targeting of
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carvedilol and flecainide to RYR2, therefore explaining some of the mutation
specific differences in drug responses.

Figure 9. 3D structure of cardiac ryanodine receptor and the studied mutations in it. Protein
database entry 5TB0 (https://www.rcsb.org/structure/5tb0): rabbit RYR2 tetramer 3D
structure from the side (A) and bottom (B) where mutations studied in this dissertation are
colour coded (exon 3 deletion=gray, L4115F=blue and V4653F=yellow). Created with The
Molecular Biology Toolkit by Moreland et al. (2005).

6.3.1

RYR2 exon 3 deletion results in depolarized membrane potential and
arrhythmias

The exon 3 deletion in RYR2 leads to a severe clinical phenotype of CPVT (Bhuiyan
et al., 2007; Lobo et al., 2011). A recent study found that a patient carrying the RYR2
exon 3 deletion had the most premature ventricular complexes at rest during ECG
compared to patients carrying the L4115F and V4653F mutations (Penttinen, Swan
et al., 2015). In line with that report, the E3D CPVT CMs had the most arrhythmias.
Another clinical study reported two families carrying the exon 3 deletion in RYR2.
The first family’s members were reported to have syncopal spells, premature
ventricular complexes, and – during a follow-up of over 25 years – paroxysmal atrial
fibrillation and sinus bradycardia (Marjamaa et al., 2009). The other family was
reported to have presyncopal spells, atrial fibrillation, bradycardia, premature
ventricular complexes, and ventricular tachycardia (Marjamaa et al., 2009). In studies
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I and III, E3D CPVT CMs also had the lowest beating rate. At the protein level,
exon 3 deletion causes a structural defect in the cytosolic part of the RYR2 in the Nterminal domain (figure 9) affecting domain-domain interactions inside the protein
(Lobo et al., 2011; Peng et al., 2016). Despite this deletion of 35 amino acids, mutant
RYR2 shows flexibility and rearrangement of the N-terminal domain which results
in a gain of function rather than a loss of function in RYR2, and consequently CPVT
(Lobo et al., 2011). Compared to the point mutations, the exon 3 deletion creates
complicated changes in the protein’s structure. It is thought that the exon 3 deletion
results in the loss of allosteric coupling between the N-terminal domain and the
transmembrane region of the channel domain, and this would explain the
malfunction of the calcium gating (Lobo et al., 2011). In addition, the conformational
changes that occur because of the exon 3 deletion may result in missing or hidden
binding sites for regulators or co-activators of RYR2 (Roston et al., 2017). The major
difference in the structures between the exon 3 deletion and the two point mutations
in RYR2 probably explains the higher incidence of arrhythmias in the E3D CPVT
CMs, since these had the most DADs and EADs. Furthermore, E3D CPVT CMs
had a lower CaT amplitude, elevated diastolic calcium levels, and a more positive,
depolarized MDP, which seems to contribute to the arrhythmic activity in these CMs
by setting a lowered threshold for triggered activity. An SR calcium leak through
RYR2 can lead to small changes in membrane voltage, leading to activation of ICaL
or the influx through NCX and eventually CICR, therefore causing triggered activity
(Betzenhauser & Marks, 2010; Kujala et al., 2012). Consequently, the APA and
upstroke velocity (dV/dT) were also smaller in these cells. The depolarized MDP
sets such a condition for the next AP initiation that less sodium channels are available
than would be with more repolarized, negative Vm. This results in the lower upstroke
and therefore dV/dT in the E3D CPVT hiPSC CMs. In addition, these conditions
facilitate the generation of calcium sparks, which would explain the higher incidence
of DADs and triggered activity in E3D CPVT CMs (Sato et al., 2014).
Most of the calcium abnormalities in E3D CPVT CMs were of the OS and MP
type, which had a much longer CaT duration and lower amplitude. This finding
supports another study, which found the exon 3 deletion of RYR2 to result in the
abnormal termination of calcium release through the channel (Tang, Tian, Wang,
Fill, & Chen, 2012). The long duration of these calcium abnormalities is the probable
cause for the difference between the CaT duration and the APD in studies I and III.
Since the repolarization of AP is much more rapid than the calcium decay, similar
OS patterns were not detected in the membrane voltage (study III).
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6.4

Arrhythmias

In this research, CPVT hiPSC CMs had more calcium abnormalities, DADs, and
EADs compared to the control CMs. In addition, DADs were more frequent than
EADs in the CPVT CMs. Adrenaline increased the amount of arrhythmias in CPVT
CMs, whereas all control CMs were normal during adrenergic stimulus. Arrhythmias
were also studied in the control CMs by inducing EADs with E-4031, an IKr blocker.
Arrhythmias were reflected in APs, CaTs, and CTs, and their correlation was studied
by combining different electrophysiological methods.

6.4.1

Delayed afterdepolarizations (DADs)

The well-established mechanism of DADs is the spontaneous calcium release from
the SR via RYR2, and in CPVT, the mutations facilitate the phenomenon. In
addition in this research, more DADs were observed in CPVT hiPSC CMs than in
the control CMs.
Previous studies have shown various changes in the diastolic potentials of CPVT
hiPSC CMs that are considered DADs (Fatima et al., 2011; Itzhaki et al., 2012; Kujala
et al., 2012; Novak et al., 2012). Interestingly, Novak and co-workers reported
oscillatory prepotentials (OPPs) distinct from DADs. These OPPs take place later
in the phase 4, i.e. diastole, where the Vm slowly depolarizes and oscillates before the
next AP. DADs were described as depolarization immediately after the terminal
repolarization of the APs. It was observed in study III that flecainide abolished the
majority of DADs, but not all of them. Flecainide abolished all of the early DADs,
but not the later DADs occurring in phase 4 (study III). This could indicate a
distinctive method for the generation of these two types of DADs. However, the
APD prolongation caused by flecainide may mask these DADs. Generally, in studies
utilizing a patch clamp, different types of DADs have not been differentiated into
different categories. However, another perspective categorizing DADs and EADs
into late phase 3 and combined phase 3 and 4 ADs has been presented (Itzhaki et
al., 2012). Taken together, distinguishing DADs and EADs near the terminal
repolarization of AP can be challenging.
Furthermore, DADs were studied with different electrophysiological methods.
DADs were clearly seen in the Vm but not in the contraction profile. During the
combined patch clamp and calcium imaging, DADs were observed in hiPSC CMs
where the elevation in [Ca2+]i resulted in a rise of the Vm. However, DADs where
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the change in Vm did not result in [Ca2+]i elevation were also observed. There could
be several explanations for this inconsistency. First, the [Ca2+]i amplitude was
reduced by spatial averaging since the amplitude of DADs without a [Ca2+]i elevation
was significantly lower. Second, since high-affinity Fluo-4 artificially prolongs the
CaT duration, it can overshadow the DADs observed near the terminal
repolarization. Finally, there is some involvement of Ca2+-independent currents in
promoting depolarization of the Vm via unknown mechanisms. Consistent with a
previous study (Maruyama et al., 2010), the amplitude of DAD was dependent on
the amplitude of [Ca2+]i elevation. However, the DAD amplitude is also dependent
on the sensitivity of the resting Vm to the change in [Ca2+]i i.e. the diastolic calciumvoltage coupling gain (Maruyama et al., 2010). The major factor determining the gain
is the IK1, the expression of which is lacking in hiPSC CMs. Therefore, the
immaturity of the hiPSC CMs could be one explanation.
The L4115F CPVT CMs had the most PA, LP, and IP type calcium abnormalities
(Study I). They also had a wider spectrum of different abnormalities compared to
the CPVT CMs with other mutations. LP and IP abnormalities resemble DADs,
whereas PA abnormalities more closely resemble EADs, which cause a prolongation
of the CaTs at the plateau or repolarization phase. LP and IP abnormalities are
characterized by fluctuations during diastole. In an earlier study, M4109R RYR2
mutant CPVT hiPSC CMs were characterized by significant numbers of DADs and
SOICR in patch-clamp recordings (Itzhaki et al., 2012). Similarly to study III, Itzhaki
and co-workers showed that flecainide cured DADs and EADs. L4115F and
M4109R are located close to each other in the RYR2 amino acid sequence, and both
could probably cause disturbances in the central domain of the protein. Arginine is
a charged amino acid, whereas phenylalanine is a neutral and nonpolar amino acid.
However, these kinds of chemical and structural differences might lead to very
different conformational changes and functions of the protein.

6.4.2

Early afterdepolarizations (EADs)

Earlier studies (Lan et al., 2013; Liang et al., 2013) have shown that control hiPSC
CMs also occasionally exhibit arrhythmias in baseline conditions (Itzhaki et al., 2012;
Kujala et al., 2012; Lan et al., 2013; Liang et al., 2013). However, phase 2 EADs in
the control CMs were not observed at the baseline. Spontaneous SR calcium release
plays a role in the occurrence of both DADs and EADs (Choi, Burton, & Salama,
2002; Pogwizd & Bers, 2004; Volders et al., 1997). In this research, DADs and EADs
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took place in the same CPVT CMs (Study III). The upstroke of an EAD is carried
by ICaL, and the take-off potential of an EAD depends on the kinetics of the ICaL and
IKs (Chang et al., 2012). The mechanism behind the phase 2 EAD is the reactivation
of the ICaL (January & Riddle, 1989; Ming, Nordin, & Aronson, 1994). Phase 3 EADs,
however, share the properties of both DADs and phase 2 EADs, but a distinguishing
fact is that they intercept the terminal phase of repolarization. Elevated [Ca2+]i during
repolarization enhances the activation of NCX, which could potentially trigger phase
3 EADs (Choi et al., 2002). In Study II, the blocking of the IKr caused various
responses, including the prolongation of both the APD and CaT duration, the
occurrence of EADs, and even the cessation of beating. APDs and CaTs were
prolonged concurrently during EADs induced by IKr blocking. Studies II and III
show that the CaT and contraction follows the Vm during phase 2 and 3 EADs,
which demonstrates the strong dependency between these three key components of
the ECC during arrhythmic condition. In addition, the CaT has been reported to
track the Vm during tachycardia similarly to the contraction during tachyarrhythmia
in Study III (Wu et al., 2005). Higher diastolic [Ca2+]i and voltage coupling gain is
essential for the genesis of tachyarrhythmia (Maruyama et al., 2010). However, there
are conditions, e.g. ventricular fibrillation, in which SR calcium cycling uncouples
from the Vm (Omichi et al., 2004; Wu et al., 2005). The long calcium transient
oscillations in Study I resembled the tachyarrhythmia in the Vm in Study III.
However, tachyarrhythmia in the Vm as much as the CaT oscillations in CPVT CMs
was not observed. It might be the case that the patch clamp micropipette touching
the CM membrane or the amphotericin-B during the perforated patch had an effect
on the cells, preventing oscillation from occurring.

6.4.3

Alternans

Previously, alternans has been reported in mouse CPVT models (Kang et al., 2010;
Paavola et al., 2016; Sabir et al., 2010; Stephan E. Lehnart et al., 2006). The driving
force of alternans is thought to be unstable intracellular calcium cycling (Sato et al.,
2006). SR calcium dynamics are affected by mutations leading to a leaky RYR2,
which would therefore facilitate the generation of alternans. In Study III, two APD
alternans cases were recorded with the current clamp, both in L4115F CPVT CMs.
Both were discordant, negatively coupled, and electromechanically out of phase. The
long AP resulted in a low and short AP in a high contraction amplitude, indicating
negative voltage calcium coupling in these cells. In Study I, CaT alternans was seen
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in L4115F and V4653F CPVT CMs as a beat-to-beat variation in amplitude, i.e. highlow-high. In this research, a simultaneous patch clamp and calcium imaging, but also
a simultaneous patch clamp and video imaging was conducted. However,
simultaneous calcium and video imaging was not conducted, but it has been
described previously (Ahola, Pölönen, Aalto-Setälä, & Hyttinen, 2018). Therefore,
presumably during CaT amplitude alternans, the CT follows concordantly. In
addition to the APD and contraction alternans, MDP alternans was observed during
consecutive beats in both alternans cases in Study III. The long AP resulted in a
more depolarized Vm, and a short AP to a slightly more repolarized one. However,
these MDP changes between consecutive beats were only approximately 0.5mV.
Therefore, at the end of a longer AP and lower CaT amplitude, greater repolarization
is achieved, and with a shorter AP and higher CaT amplitude, the Vm sets to a less
repolarized potential. With a shorter APD, the diastolic interval before the next AP
is longer, and therefore there is more time for LTCC recruitment for a greater CaT
at the next beat. However, this did not happen in Study III, where an
electromechanically out-of-phase alternans was observed. During a shorter APD, the
CaT was greater, and at the next beat, the reverse was true. The Vm was uncoupled
from the [Ca2+]i and therefore the greater CaT resulted in a shorter APD, probably
because of the enhanced Ca2+-mediated activation of the IKs. Furthermore, a greater
CaT inactivates the ICaL, resulting in a smaller depolarization and contribution to the
plateau phase of the AP, therefore shortening the APD. Moreover, the MDP
changes seen during the same electromechanically out-of-phase alternans reflected
the uncoupling of the Vm and [Ca2+]i.
In Study I, in addition to the beat-to-beat amplitude alternans, V4653F CPVT
CMs presented different alternating patterns, which could be described as similar to
caffeine-induced eruptions of calcium from the SR (figure 8A). Following these
events, smaller calcium transients grew until these eruptions took place again. This
behaviour could be due to an imbalanced calcium input/output ratio from the SR,
and these eruptions could easily be seen as spontaneous SOICR.
In Studies I and III, one noticeable difference between carvedilol and flecainide
was the efficacy on alternans. Flecainide abolished all alternans cases, whereas
carvedilol did not. These drugs act via different pathways, apart from the direct effect
on RYR2. Alternans is usually induced in higher beating rates, therefore beat rate
reduction could explain this finding. However, carvedilol also decreases the beating
rate, but it did not abolish alternans. This indicates that the antiarrhythmic efficacy
of flecainide during alternans would probably be facilitated via INa or IKr blocking.
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In this study, the role of NCX was not elucidated, and its contribution here to
calcium transients and contraction remains unknown.

6.5

Electrophysiological measurements

In study III, contraction parameters were acquired by analysing videos of beating
CMs. Figure 8B shows how different arrhythmias were recapitulated in the
contraction profile. EAD-triggered extra beats were characterized by a lower
contraction amplitude. A discordant, negatively coupled alternans led to an
electromechanically out of-phase beating pattern. Tachyarrhythmia elevated the
baseline of the contraction drastically, but did not reduce the contraction amplitude.
In study II, a strong correlation was found between the respective APD and CaT
duration and the APD and CTD parameters. At baseline, the duration of the CaT90s
was twice as long as the APD90 in hiPSC CMs. In an earlier study of simultaneous
voltage and Ca2+ mapping using Fura-4F in a hiPSC CMs monolayer, the CaT90 was
also observed to be longer than the APD90, but only approximately 1.2 times longer
(P. Lee et al., 2012). However, a combined CaT + CT study showed the contraction
to be longer when recorded simultaneously by imaging (Ahola et al., 2018). A
possible reason for these differences might be due to the Fluo-4 as a high-affinity
Ca2+ indicator. Calcium dyes can affect the beating properties of CMs (Kopljar,
Hermans, Teisman, Gallacher, & Lu, 2018). It is reported that in a comparison, Fluo4 had a significantly longer CaT duration compared to low-affinity Fura-4F (Fast,
Cheek, Pollard, & Ideker, 2004). Furthermore, the average APD90 was longer in
Study II with CMs loaded with Fluo-4 compared to the average APD90 in Study III,
where there was no calcium indicator.
Electrophysiological recordings are nowadays increasingly studied with optical
methods. Calcium-sensitive dyes have been used extensively to study the calcium
kinetics of hiPSC CMs. Video imaging is probably the easiest method but also the
vaguest in terms of the information provided. More sophisticated methods are
required to determine the absolute beating force of CMs (D. Sasaki et al., 2018).
Classical electrophysiological recordings are made by various patch clamp
techniques, even using automatic methods (Geng et al., 2018). Previously, these
methods have been able to be combined to study single-cell hiPSC-derived CMs
(Study II) (Ahola et al., 2018; Huebsch et al., 2015; Kijlstra et al., 2015). However,
voltage-sensitive dyes make it easier to combine different methods in a single high
throughput imaging system and therefore offer a desirable means of studying and
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screening electrophysiology in vitro. Therefore, optical methods are being favoured
over electrophysiological recordings, as they provide higher throughput and are less
invasive (Björk et al., 2017; Zeng, Roman, Lis, Lagrutta, & Sannajust, 2016). The
development of new ultrafast voltage sensitive dyes has developed to the point where
the reliability and robustness are sufficient to utilize in hiPSC CM research (Miller,
2016). The dyes cannot compete with the patch clamp for accuracy and therefore
replace it totally as a method. Calcium or voltage indicators can be genetically
encoded into the genome of the studied cells, and they provide reduced toxicity,
photostability, and a better signal-to-noise ratio compared to dyes (Shaheen et al.,
2018; Shinnawi et al., 2015). The pacing of CMs has been usually conducted via
electrodes on different platforms. However, encoding the light-sensitive ion channel
channelrhodopsin enables the optical pacing of CMs with light (Abilez, 2012; Nagel
et al., 2003). Pacing of the CMs minimizes the differences in the function arising
from natural beat rate variation and allows studies at specified beat rates and beat
rate dependencies of drugs.

6.6

Future perspectives

Detailed investigation of the electrophysiological properties of hiPSC CMs provides
valuable information on arrhythmic conditions and their triggers, even though hiPSC
CMs have some limitations compared to adult human CMs. They can serve several
different purposes, e.g. drug screening and disease modelling. In addition, more
detailed and fine-tuned in silico models can be developed based on the experimental
data to simulate the human physiology (Paci et al., 2018). These cell models and
approaches can be utilized by the pharmacological industry to meet the need for
more cost-efficient drug development (Vicente et al., 2018). The majority of
compounds are withdrawn or cancelled during this tedious and expensive process,
especially in cardio-active compound development. Human iPSC derived CMs can
offer a physiologically more authentic model to study cardiotoxic effects in vitro,
decrease the amount of animal studies, and cut costs in the drug development
process. Combining in vitro and in silico modelling will hopefully accelerate
cardiovascular research and take us a step closer towards personalized medicine in
the future.
The maturation aspect is work in progress on all levels, and it is far from being
finished. Many hurdles need to be overcome, e.g. the right mixture of stimuli in the
cell culture conditions in vitro. Research on body on chip combining different cell
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types, techniques, and stimuli – like circulation and paracrine effects – are being
established around the world.
The number of mutations associated with CPVT is growing, but no highresolution RYR2 structure is available yet. To study the structural effects of the
mutations and screen protein-protein interactions and the compound effects in vitro
and in silico, this is one crucial, necessary step before unleashing the full potential of
personalized medicine for CPVT.

6.7

Limitations

The technical limitations in the measurements of this dissertation are related to the
sampling rate, namely the frame-recording interval of the optical measurements. The
frame rate of the acquired calcium-imaging videos was 50 in Studies I and II and 50–
100 in the brightfield videos in Study III. These speeds do not capture the smallest
changes in the rapid upstroke of the transients, especially during the fast rise of the
calcium and contraction profile.
Not all of the videos could be analysed with such precision because of the low
signal-to-noise ratio. In addition, the comparison of contraction amplitudes was not
plausible between different cells because of the uneven illumination of the samples.
However, changes in contraction amplitude could be compared within the same cell.
Contraction parameters also had a relatively high deviation, and therefore there was
a lack of statistical significance in these results.
In Study I, the CM subtypes could not be distinguished by calcium imaging. In
addition, calcium imaging was conducted only at certain intervals before and after
compound addition, whereas in Study III the patch clamp recording was continuous
and more accurate. Therefore, only short traces represent the responses and various
phenotypes seen in these CMs. This sets certain restrictions on the comparison of
datasets in Studies I and III. In addition, different concentrations of flecainide were
used in Studies I and III.
Every model has its limits. Even though the hiPSC CMs do not possess all adult
CM properties, they can be used in many different applications. For example, hiPSC
CMs have a strong expression and a proper functionality of the IKr, and they are thus
excellent in recapitulating the hERG block in drug screening applications (Goversen
et al., 2018). Although iPSC CMs offer a robust human cell model for the modelling
of various genetic cardiac diseases in vitro, they have potential limitations because of
their intrinsic differences compared to adult human CMs e.g. the lack of t-tubules,
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the expression of the If and the low expression of IK1. In addition, there is variation
in hiPSC CMs, and CMs from only one non-isogenic control hiPSC line was used in
this dissertation. Therefore, the variation in the genetic background of the donors
might explain some of the results.
Human iPSC CMs were studied as a sparsely seeded dispersed cells in vitro, which
might introduce susceptibility to spontaneous arrhythmias at the baseline condition.
Despite the artificial 2D cell culture environment where single cells and small
aggregates are cultured, the hiPSC CMs recapitulate disease hallmarks and drug
responses. However, the results may not be directly translatable to patients.
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7

SUMMARY AND CONCLUSIONS

This dissertation describes the functional properties and usefulness of patientspecific hiPSC-derived CMs in CPVT disease modelling and drug screening. It also
offers insights into coupling key elements in cardiac ECC.
In Study I, carvedilol and flecainide were equally effective in the treatment of
arrhythmias in CPVT hiPSC CMs. However, the proarrhythmic risk of flecainide
should be recognized, as it induced arrhythmias in control cells. E3D CPVT CMs
had the most severe calcium abnormalities and the best responsiveness to the drug
therapies. Both of these drugs are in clinical use for the treatment of CPVT.
However, according to this study, they provide only partial protection from
arrhythmic events. To understand completely the proarrhythmic triggers and
mechanisms of arrhythmias in CPVT, further studies with combined or
simultaneous electrophysiological techniques are needed in relation to protein
modelling.
In Study II, the interrelation between calcium transients and membrane voltage
was demonstrated in hiPSC CMs during both normal and regular beating and in
arrhythmic conditions. The CaT closely follows the dynamics of the Vm, however
with a slight latency and slower decay kinetics. Taken together, the CaT and Vm are
closely associated not only in the normal condition, but also in phase 2 and 3 EADs
and mostly in DADs. The simultaneous recording of the Vm and CaT allows us to
study the intracellular calcium dynamics with respect to changes in transmembrane
voltage and vice versa. These experiments and models could be very helpful in
understanding the correlation between the Vm and CaT in more detail.
In Study III, a simultaneous patch clamp and video imaging was conducted with
CPVT patient-derived hiPSC CMs to study the effect of carvedilol and flecainide on
the action potential and contractile properties. Differences were found in baseline
AP characteristics and drug effects. There were more DADs than EADs in the
hiPSC CMs. Different types of arrhythmias were found, and they were reflected in
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the contraction profile. The E3D CPVT CMs had the most arrhythmias and
electrophysiological properties facilitating the arrhythmic behaviour.
Overall, these three studies are proof that HiPSC-derived CMs 1) display
important human cardiac physiological functions, 2) recapitulate the disease
hallmarks of CPVT, and 3) provide a safe platform and powerful tool for disease
modelling, drug screening, and the study of cardiac physiology in vitro.
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Mutations in the cardiac ryanodine receptor (RYR2) are the leading cause for catecholaminergic polymorphic ventricular
tachycardia (CPVT). In this study, we evaluated antiarrhythmic eﬃcacy of carvedilol and ﬂecainide in CPVT patient-speciﬁc
induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) carrying diﬀerent mutations in RYR2. iPSC-CMs were
generated from skin biopsies of CPVT patients carrying exon 3 deletion and L4115 or V4653F mutation in RYR2 and of a
healthy individual. Ca2+ kinetics and drug eﬀects were studied with Fluo-4 AM indicator. Carvedilol abolished Ca2+
abnormalities in 31% of L4115F, 36% of V4653F, and 46% of exon 3 deletion carrying CPVT cardiomyocytes and ﬂecainide 33%,
30%, and 52%, respectively. Both drugs lowered the intracellular Ca2+ level and beating rate of the cardiomyocytes signiﬁcantly.
Moreover, ﬂecainide caused abnormal Ca2+ transients in 61% of controls compared to 26% of those with carvedilol. Carvedilol
and ﬂecainide were equally eﬀective in CPVT iPSC-CMs. However, ﬂecainide induced arrhythmias in 61% of control cells.
CPVT cardiomyocytes carrying the exon 3 deletion had the most severe Ca2+ abnormalities, but they had the best response to
drug therapies. According to this study, the arrhythmia-abolishing eﬀect of neither of the drugs is optimal. iPSC-CMs provide a
unique platform for testing drugs for CPVT.

1. Introduction
Human-induced pluripotent stem cells (hiPSCs) can be generated from patients’ somatic cells [1]. The technique makes
research of vital organs, such as the heart, available in vitro.
Primary adult cardiomyocytes (CMs) stop beating in vitro
after a few hours of culture, but iPSC-derived CMs can be cultured for months with proper beating behavior. The hiPSCderived CMs carry the same genome as the patient they were
generated from. The production of disease-speciﬁc hiPSC
lines allows disease modeling and drug development in vitro.
Catecholaminergic polymorphic ventricular tachycardia
(CPVT) is a severe inherited cardiac disease in structurally
normal hearts, and it is associated with increased risk of sudden cardiac death [2].The prevalence of CPVT is approximately 1 : 10,000, and the prognosis is bad: mortality rate

without treatment is as high as 35% by the age of 30. At the
age of 40, 80% of patients have had symptoms. CPVT patients
experience arrhythmias during emotional or exerciseinduced adrenergic stress. Adrenaline binding into β-receptors triggers a signaling cascade via cyclic AMP and protein
kinase A, which results in phosphorylation of key Ca2+ handling proteins at the membrane of the sarcoplasmic reticulum
(SR). In CPVT patients with mutated RYR2, increased Ca2+
concentration inside the SR can result in spontaneous Ca2+
leakage and in arrhythmias. Exercise stress test is used in the
diagnosis of CPVT during which polymorphic ventricular
extra systoles or even tachycardia is often seen in the electrocardiograph (ECG).
Majority of CPVT cases arise from mutations in the gene
coding for cardiac ryanodine receptor, RYR2. Other genes are
also implicated in CPVT, but in far lesser extent, for example,

2
ANK2, CALM1, CALM2, CASQ2, KCNJ2, SCN5A, TECRL,
and TRDN [2]. RYR2 is the largest known ion channel protein
located at the membrane of the SR. It releases Ca2+ from SR,
which acts as an intracellular Ca2+ storage in CMs, to the cytosol. In physiologically normal condition, L-type Ca2+ channels (LTCCs) at the T-tubules of the sarcolemma are
activated by an action potential (AP). LTCCs and RYR2s are
located in close proximity to each other creating junctional
complexes. The activation of LTCCs creates an inward ﬂow
of Ca2+ ions into the CM, which in turn activates RYR2s at
the adjacent SR. This phenomenon is known as Ca2+-induced
Ca2+ release (CICR) (Figure 1). CPVT causing mutations in
RYR2 results in gain of function and altered open probabilities of the channel pore and therefore lowered threshold for
store overload-induced Ca2+ release (SOICR) [3]. This spontaneous Ca2+ leakage can result in sodium Ca2+ exchanger
(NCX) triggered early and/or delayed afterdepolarizations
(EADs/DADs) and arrhythmias in CMs [4].
Beta-blockers are commonly used in the treatment of
CPVT. These compounds block the β-receptors and thus
inhibit the sympathetic stimulation. Carvedilol is a nonspeciﬁc, combined β1/β2/α-adrenergic blocker, which has been
successfully used in the treatment of chronic heart failure
[5]. For patients who do not respond to beta-blocker therapy,
ﬂecainide has been investigated as an additional option [6, 7].
During the last few years, it has been intensively investigated
by several research groups [8–10]. Flecainide is a class Ic antiarrhythmic agent, a sodium channel blocker, which inhibits
inward sodium current via voltage-gated sodium channels
(Nav1.5). Other therapeutic options for CPVT include
implanted cardiac deﬁbrillators and left cardiac sympathetic
denervation. However, present therapeutic options do not
provide complete protection against potentially lethal
arrhythmias, and this is still a clinically relevant problem.
In this study, we evaluate the eﬃcacy of carvedilol and
ﬂecainide in abolishing Ca2+ abnormalities in CPVT
patient-speciﬁc hiPSC-derived CMs carrying diﬀerent mutations in RYR2.

2. Methods
2.1. Patient-Speciﬁc Human iPSC Lines. In this study, four
CPVT hiPSC lines were used carrying the following RYR2
mutations: two lines with exon 3 deletion c.168-301_c.273
+722del1128 (results pooled), one line with point mutation
p.L4115F (c.12343C>T), and another one with point mutation p.V4653F (c.13957G>T). Mutation nomenclature was
based on RYR2 reference sequence NM_001035.2. The location of the mutations in the RYR2 amino acid sequence is
illustrated in Figure 2. hiPSC line from a healthy individual
was used as a control cell line. Collection of biopsies for
generating patient-speciﬁc iPSC lines was approved by
the ethical committee of Pirkanmaa Hospital District
(Aalto-Setälä R08070), and written informed consent was
obtained from all the donors. Human iPSC lines were
established by sendai viral (CytoTune® iPS reprogramming
kit, Thermo Fisher Scientiﬁc, Waltham, MA, USA) or retroviral transfection of OCT3/4, SOX2, KLF4, and c-MYC
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[1]. The characterization of hiPSC lines is described in
supplementary data (Supplementary Figures 1 and 2).
2.2. Cardiac Diﬀerentiation and Dissociation. Diﬀerentiation
into CMs was carried out by coculturing hiPSCs with murine
visceral endoderm-like (END-2) cells (Professor Mummery,
Humbrecht Institute, Utrecht, The Netherlands) (supplementary data). hiPSCs formed spontaneously beating clusters
after 15 days of coculturing. Beating clusters were cut and isolated with scalpel and dissociated with collagenase A (Roche
Diagnostics). Cells were plated on 12 mm round glass coverslips coated with 0.1% gelatin.
2.3. Ca2+ Imaging. Ca2+ imaging was conducted 4 to 7 days
after dissociation, when CMs were 23–78 days old. Cells on
a coverslip were loaded with 4 μM Fluo-4 AM (Life Technologies Ltd.) for 30 minutes and deesteriﬁed for 10 minutes in
perfusate medium: (in mM) 137 NaCl, 5 KCl, 0.44 KH2PO4,
20 HEPES, 4.2 NaHCO3, 5 D-glucose, 2 CaCl2, 1.2 MgCl2,
and 1 Na-pyruvate dissolved in H2O. pH of the perfusate
medium was adjusted to 7.4 with NaOH. Perfusate was heated
to 37°C with an inline heater SH-27B controlled with a TC324B controller unit (Warner Instruments Inc., CT, USA). A
coverslip was attached to a RC-25 imaging chamber (Warner
Instruments Inc.) with a silicon-based compound. Ca2+ kinetics of spontaneously beating CMs were imaged with an
inverted Olympus IX70 microscope using UApo/3400,75NA
20x air objective (Olympus, Tokyo, Japan) and recorded with
ANDOR iXon 885 EM-CCD camera (Andor Technology,
Belfast, Northern Ireland) using 2 × 2 binning and synchronized with a Polychrome V light source by a real-time DPS
control unit. Live Acquisition software (TILL Photonics,
Munich, Germany) was used to control light source and camera during recording. Fluo-4 was excited at 490 nm wavelength, and the emission was recorded through Olympus UMF2 Alexa 488 band-pass ﬁlter cube (ex.470–495, em.525/
50 nm). Antiarrhythmic evaluation of studied drugs was
assessed by recording Ca2+ transients at baseline (perfusate
only), 3 min after 1 μM adrenaline incubation and if recorded
transients exhibited Ca2+ abnormalities (Figures 3 and 4),
5 min after 0.25 μM carvedilol (Sigma) or 10 μM ﬂecainide
(Sigma) perfusion at the presence of 1 μM adrenaline. All
the recordings were 30 sec long with a sampling rate of 20 ms.
2.4. Data Analysis and Statistics. For Ca2+ imaging analysis,
beating single cells or small clusters were selected as regions
of interests (ROI) and background signal was subtracted
using the Live Acquisition software. Recorded Ca2+ traces
were further analyzed with Clampﬁt software version 10.5
(Molecular Devices, USA). The following parameters of the
Ca2+ traces were extracted: ΔF/F0 (where ΔF = F − F 0 and
F0 is background subtracted), Ca2+ transient duration in milliseconds, half-width (Ca2+ transient duration measured at
50% of amplitude) in milliseconds, and frequency in hertz.
Statistical analysis was carried out with SPSS software version
23 (SPSS, Chicago, IL, USA). Comparison within cell lines
(before and after drug administration) was performed with
nonparametric Wilcoxon and between cell lines (cell line to
cell line comparison) with nonparametric Mann–Whitney
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Figure 1: Ca2+ overload in the SR during adrenergic stress leads to EADs and DADs causing arrhythmia in CPVT. During rest, depolarization
of the CM membrane by inward current of sodium activates LTCCs leading to CICR and contraction. Adrenergic stimulus (Adr) leads to
phosphorylation of RYR2 and SERCA2a via second messengers of the β-adrenergic pathway (cAMP, PKA) and causes Ca2+ overload in
the SR. Mutations in RYR2 lead to altered threshold for SOICR and spontaneous Ca2+ leak from the SR. Sudden increase in intracellular
Ca2+ activates NCX and causes membrane depolarization leading to EADs and DADs. Carvedilol (CAR) blocks the beta-adrenergic
receptors (βAR) inhibiting the phosphorylation of Ca2+ handling proteins and decreasing the SR Ca2+ load. Flecainide (FLE) inhibits
voltage-gated sodium channel (Nav) and membrane depolarization leading to the inhibition of LTCC and RYR2 indirectly. CICR = Ca2+induced Ca2+ release; SOICR = store overload-induced Ca2+ release; NCX = sodium Ca2+ exchanger; SERCA2a = sarcoplasmic reticulum
Ca2+ ATPase; cAMP = cyclic AMP; PKA = protein kinase A. ∗ Both carvedilol and ﬂecainide have a direct inhibiting eﬀect on RYR2.
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Figure 2: Schematic presentation of RYR2 amino acid sequence and the localization of the studied mutations in it. Mutations in RYR2 are
enriched into four clusters (1–4). Modiﬁed from [11].

U tests with Dunn-Bonferroni post hoc. P < 0 05 was considered statistically signiﬁcant.
Ca2+ transients were categorized into seven groups: oscillation (OS), multiple peaks (MP), alternans (AL), plateau
abnormality (PA), low peaks (LP), irregular phase (IP), and
normal (N) (Figure 3). Ca2+ transients were categorized with
the following criteria: oscillation, if there were more than
three peaks in the same event; multiple peaks, if there were
two or three peaks in the same event; alternans, if there were

consistent alternating pattern in the amplitude of six or more
consecutive peaks in the trace; plateau abnormality, if there
was a signiﬁcant disturbance in the rise or decay phase of a
peak (excluding multiple peaks); low peaks, if a single peak
amplitude was 10–90% of the amplitude of a normal peak in
the trace; irregular phase, if the phase was irregular in the
absence of low peaks; and normal, if the trace did not include
any of the aforementioned abnormalities. CPVT phenotype
of the recorded cells was conﬁrmed by the detection of
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Figure 3: Ca2+ transient abnormality types. Normal = N; oscillation = OS; multiple peak = MP; alternans = AL; plateau abnormality = PA; low
peaks = LP; and irregular phase = IP. Multiple peaks is two or three consecutive peaks where the amplitude does not decay to the baseline, and
oscillation is more than three consecutive kinds of these peaks.

adrenaline-induced Ca2+ abnormalities. Only cells, which
exhibited arrhythmias after adrenergic stimulation, were
exposed to the drugs. Antiarrhythmic evaluation of studied
drugs was assessed after drug and adrenaline incubation
phases. If all the Ca2+ abnormalities were abolished, recorded
trace was categorized into responder (Supplementary
Figures 3 and 4). If 50% or more of the abnormalities seen
in the adrenaline phase were abolished, trace was
categorized into semiresponder. The rest of the traces were

categorized into nonresponders. Control cells were exposed
to the drugs if the Ca2+ transients were normal after
adrenergic stimulation (healthy phenotype). Proarrhythmic
risk evaluation of the studied drugs in control cells was
assessed after administration of either drugs with adrenaline
and categorizing responses into two groups: normal, which
were completely normal, and drug-induced arrhythmia if
one or more arrhythmic events were present in the trace
(Supplementary Figures 3 and 4).
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Figure 4: Incidence of diﬀerent Ca2+ abnormality types in control, L4115F, V4653F, and exon 3 deletion CMs under each condition. (a)
Carvedilol data and (b) ﬂecainide data. Flecainide caused Ca2+ abnormalities in 61% of control cells whereas carvedilol only in 26%. Both
drugs were equally eﬀective in CPVT CMs carrying L4115F mutation. V4653F responded the same way to both drugs as L4115F whereas
in exon 3 deletion, the eﬃcacy of both drugs was higher. Moreover, in the exon 3 deletion CMs, the incidence of oscillations was much
higher than in the others. Donut charts represent the responder groups after drug treatment (adrenaline + drug). BL = baseline;
Adr = 1 μM adrenaline; CAR = 0.25 μM carvedilol; FLE = 10 μM ﬂecainide; OS = oscillation; MP = multiple peak; AL = alternans;
PA = plateau abnormality; LP = low peak; IP = irregular phase; N = normal; n = amount of CMs studied.
Table 1: Incidence of each calcium abnormality type in all CPVT
CMs after adrenaline stimulation and the percentages of these
arrhythmias abolished by either carvedilol or ﬂecainide.

CPVT CMs
Carvedilol
Flecainide

OS

MP

AL

PA

LP

IP

25%
27%
32%

37%
63%
51%

11%
0%
27%

21%
19%
20%

4%
33%
57%

2%
100%
67%

MP, LP, and IP type of abnormal transients were abolished quite well by both
drugs, while ﬂecainide was superior in abolishing AL-type abnormalities.
Incidence of LP and IP abnormalities was, however, low in CPVT CMs;
therefore, conclusions should be made with caution.

3. Results
3.1. Adrenaline Induced Arrhythmias in CPVT CMs but
Abolished Them in Control Cells. All CPVT CMs exhibited
arrhythmias after three minutes of β-adrenergic stress
(1 μM adrenaline), although 25% of L4115F, 28% of
V4653F, and 8% of CMs carrying exon 3 deletion were normal at the baseline (Figure 4). All control CMs were normal
after three minutes of β-adrenergic stimulus, although 19%
of the cells showed arrhythmias in the baseline (Figure 4).
1 μM adrenaline abolished arrhythmias in control CMs but
induced arrhythmias in CPVT CMs (Figure 4). In CPVT
CMs after three minutes of adrenaline incubation, ΔF/F0
was signiﬁcantly (P < 0 05) lower in the oscillation (OS),
multiple peaks (MP), and plateau (PA) abnormal transient
categories than in the normal (N) transients (Supplementary
Figure 5A). In addition, transient duration was signiﬁcantly
(P < 0 05) higher in the OS and MP than in the N in the
presence of adrenaline (Supplementary Figure 5B). In these
two visually most severe abnormality types (OS and MP),
the additional arrhythmic events were the reason for
prolonged Ca2+ peak duration.
3.2. Carvedilol and Flecainide Were Equally Eﬀective in CPVT
Cells. Both carvedilol and ﬂecainide were equally eﬀective
in treating arrhythmias in CPVT CMs. Carvedilol abolished
Ca2+ abnormalities in 31% of L4115F, 36% of V4653F, and
46% of exon 3 deletion and ﬂecainide 33%, 30%, and 52%,
respectively (Figure 4). However, ﬂecainide was superior abolishing AL type of abnormalities compared to carvedilol
(Table 1). Both drugs lowered ΔF/F0 of all CMs signiﬁcantly
(P < 0 05): carvedilol 12% in control, 21% in L4115F, 16% in
V4653F, and 26% in exon 3 deletion and ﬂecainide 20%,
18%, 21%, and 35%, respectively (Figure 5). The intracellular
Ca2+ was the lowest in CPVT CMs carrying exon 3 deletion,
and the antiarrhythmic eﬀect of the drugs was the best in that
CPVT cell population. Both drugs also lowered the beating
frequency of all CMs signiﬁcantly (P < 0 05): carvedilol 33%

in control, 27% in L4115F, 24% in V4653F, and 39% in exon
3 deletion and ﬂecainide 29%, 33%, 29%, and 46%, respectively. CPVT CMs exhibited 25% OS, 37% MP, 11% AL,
21% PA, 4% LP, and 2% IP type of Ca2+ abnormalities at the
baseline (Table 1). Both drugs abolished most types of
arrhythmias: carvedilol abolished 27% OS, 63% MP, 0%
AL, 19% PA, 33% LP, and 100% IP and ﬂecainide 32%
OS, 51% MP, 27% AL, 20% PA, 57% LP, and 67% IP type
of abnormalities.
3.3. Mutation-Speciﬁc Characteristics. CPVT CMs carrying
exon 3 deletion had the highest incidence of OS (39%) and
MP (46%) abnormalities compared to other patient-speciﬁc
CMs after adrenaline exposure (Figure 4). CPVT CMs carrying V4653F mutation had the highest incidence of AL (28%)
and CMs with L4115F mutation PA (32%), LP (10%), and IP
(6%) abnormalities. The incidence of diﬀerent abnormal
Ca2+ transients varied in CMs carrying diﬀerent mutations.
CMs carrying the RYR2 exon 3 deletion were clearly diﬀerent
compared to the others.
The incidence of PA abnormalities in diﬀerent RYR2
mutant CMs treated with ﬂecainide was 10% in exon 3 deletion, 48% in L4115F, and 40% in V4653F and surprisingly
also 53% in control (Figure 4(b)). Furthermore, both carvedilol and ﬂecainide were the most eﬀective in abolishing
arrhythmias in CMs carrying RYR2 exon 3 deletion. In addition, carvedilol eﬀect on CMs with exon 3 deletion was
dependent of the value of ΔF/F0, which is a measurement of
[Ca2+]i. Responders in this cell population had signiﬁcantly
(P < 0 05) higher intracellular Ca2+ at baseline and after
adrenaline than nonresponders (Supplementary Figure 6A).
Overall, exon 3 deletion had the lowest ΔF/F0 values on
average throughout the experiments (Figure 5).
3.4. Flecainide Caused More Arrhythmias in Control CMs
Than Carvedilol. Flecainide caused arrhythmias in 61%
and carvedilol in 26% of control cells, which had normal
regular transients during adrenaline exposure (Figure 4).
Flecainide caused mostly PA abnormalities (87% of
arrhythmias), whereas carvedilol caused mostly IP abnormalities (69% of arrhythmias) (Figure 4). The duration
and half-width of Ca2+ transients were greatly increased
in control CMs after ﬂecainide compared to carvedilol
(Figure 5). Moreover, in control CMs, ﬂecainide lowered
the intracellular Ca2+ of nearly double the amount of carvedilol (Figure 5). When comparing normal cells and druginduced arrhythmias in the control group at the baseline
and after adrenaline exposure, CMs with ﬂecainide-induced
arrhythmias, duration, and half-width were increased
(Supplementary Figures 6C and 6D). At the baseline,
the diﬀerence in frequency was just bordering statistical
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Figure 5: Parameters of the Ca2+ traces under each condition. (a) The upper row represents carvedilol data, and (b) the lower row represents
ﬂecainide data. ΔF/F0: Ca2+ peak amplitude; duration: Ca2+ peak duration; half-width: duration at half-maximum amplitude; frequency: the
beating frequency of CMs. Data is shown as averages. BL = baseline; Adr = 1 μM adrenaline; CAR = 0.25 μM carvedilol; FLE = 10 μM
ﬂecainide. ∗ Statistical signiﬁcance (P < 0 05). Error bars represent standard error of the mean (SEM).

signiﬁcance but reached signiﬁcance after adrenaline
exposure. CMs with drug-induced arrhythmias had also
slower beating frequency than normal cells (Supplementary
Figure 6E). After ﬂecainide treatment, these diﬀerences
were even more pronounced. At the baseline and after
adrenaline exposure, the control CMs in which carvedilol
caused arrhythmias had higher beating frequency but the
diﬀerence was just bordering the threshold for statistical
signiﬁcance (Supplementary Figure 6B).

4. Discussion
In this study, we wanted to mimic the CPVT disease in vitro
by exposing the hiPSC-derived CMs with adrenaline. CMs
generated from diﬀerent patients carrying diﬀerent mutations
in RYR2 showed diﬀerent types of calcium abnormalities.
Beta-blocker carvedilol and class Ic antiarrhythmic agent ﬂecainide were tested in abolishing these arrhythmias. The
patients in the clinic experience arrhythmias under adrenergic stress, and earlier study has shown the hiPSC CMs to provide indicative information of the clinical outcome in drug
study [11]. Carvedilol and ﬂecainide were equally eﬀective
abolishing Ca2+ abnormalities in CPVT CMs, but ﬂecainide
was superior abolishing AL abnormalities. Flecainide also
caused arrhythmias in 61% of control CMs whereas carvedilol
only in 26% of control CMs. CMs with RYR2 exon 3 deletion
were the most responsive to both drug therapies. Furthermore, both drugs lowered the intracellular Ca2+ (ΔF/F0) and
beating frequency of all CMs, but there were mutationspeciﬁc diﬀerences in Ca2+ abnormality proﬁles.

4.1. Flecainide. Flecainide is thought to have three modes of
action. First, as a class Ic antiarrhythmic agent, it is a strong
sodium channel blocker. During the fast rise of AP phase 0,
depolarization of CM cell membrane takes place and leads
to activation of LTCCs and RYR2. Therefore, inhibition of
INa leads indirectly to inhibition of RYR2 action and therefore reduces spontaneous Ca2+ leakage from the SR. Second,
the ability to block INa increases the threshold for EAD- and
DAD-triggered APs in CMs. The third one is debated, but it
is thought that ﬂecainide also has a direct blocking eﬀect on
RYR2. Flecainide has already been showing potential in the
treatment of CPVT in the clinics [6, 7]. Thus, ﬂecainide
was chosen to be tested with our CPVT cell model in vitro.
In this study, ﬂecainide decreased ΔF/F0 in all CMs but we
cannot say if the eﬀect seen was because of direct inhibition
of RYR2 or not. The temporal resolution of the recordings in
this study did not allow reliable analysis of the rise time of
the Ca2+ transients, which could have given indication of
the eﬀect of INa block therefore allowing comparison of that
between each condition.
The debate about whether ﬂecainide has a direct eﬀect
on RYR2 has been recently reviewed [12]. Flecainide eﬀect
on RYR2 could be explained by its eﬀect on some of the
several RYR2 binding regulators. This would explain why
Bannister and coworkers did not see ﬂecainide eﬀect on
RYR2 in their permeabilized mouse myocytes or singlechannel RYR2 models [8]. Moreover, CMs of mouse origin have a higher beating frequency than those of human
origin and ﬂecainide has beat rate-dependent sodium
channel-blocking eﬀect; thus, it will probably dominate
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in mouse models [10]. Contrary to these reports, Watanabe and coworkers and Hilliard and coworkers found
direct action of ﬂecainide on RYR2 in isolated myocytes
from CASQ2 knockout mice [7, 9]. However, based on
our ﬁndings, we cannot exclude mutation-speciﬁc eﬀects
of ﬂecainide in diﬀerent CPVT CMs. Opposing views were
observed by Liu and coworkers with R4496C and Bannister and coworkers with N4104K mutations in RYR2. Supporting views were studied in wild-type RYR2.
In this current study with control cells, ﬂecainide caused
PA abnormalities (Figure 3) with prolongation of plateau
phase of Ca2+ transients resulting in longer duration and
half-width (Figure 5). This is probably a consequence of
the ability of ﬂecainide to block IKr/hERG [13]: decreased
repolarization rate of CM membrane leads to prolongation
in APD. Prolonged APD results in longer open state of
LTCCs and NCX and longer Ca2+ transient. Furthermore,
the control cells, in which ﬂecainide caused arrhythmias,
had longer duration and half-width of their Ca2+ transients
and slower beating frequency after adrenaline exposure than
the cells, which were normal (Supplementary Figures 6C–
6E). These results go along with the known beat rate
dependency of ﬂecainide’s sodium channel-blocking ability
[14]. 10 μM ﬂecainide blocks 80% and 1 μM only 20% of
wild-type hERG current in a HEK293 cell model [13].
Adjusting the ﬂecainide concentration more towards the
therapeutic serum levels (0.5–2.4 μM) would probably
diminish the percentage of drug-induced arrhythmia in
our current study. The majority of ﬂecainide-induced PA
abnormalities were seen in the decay phase of Ca2+ peaks,
and therefore, the prolonged repolarization caused by
hERG block would explain these. However, besides the
hERG-blocking eﬀect of ﬂecainide, these abnormalities
could be also due to reduced intercellular coupling in small
cell aggregates due to the sodium channel-blocking eﬀect
of ﬂecainide.
The proarrhythmic risk of ﬂecainide has been investigated in the clinical Cardiac Arrhythmia Suppression Trial
(CAST) in the mid-90s. In the CAST, patients treated with
encainide or ﬂecainide had higher mortality rates after
myocardial infarction compared to placebo group [15].
However, another more recent clinical study reported successful treatment of CPVT patients without worsening of
exercise-induced ventricular arrhythmias [6]. Class Ic
antiarrhythmic agents are known to be associated with
proarrhythmia and should be used with caution. Flecainide
is contraindicated in structurally abnormal hearts because
it slows conduction velocity in myocardium and possibly
facilitates reentry. Flecainide is typically used to treat
tachycardias, for example, as a rhythm control drug in
paroxysmal atrial ﬁbrillation if no other cardiac diseases
are present.
For this study, ﬂecainide concentration was selected
based on the literature. In the recent study, Preininger and
coworkers showed that 10 μM ﬂecainide reduced spontaneous Ca2+ waves and Ca2+ spark abnormalities by lowering
ΔF/F0 of these events in CPVT-speciﬁc iPSC-derived CMs
carrying L3741P mutation in RYR2 [16]. They compared
the eﬀect to β-blocker nadolol (10 μM) and found ﬂecainide
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to be superior. However, they did not see abnormalities in
Ca2+ activity after ﬂecainide treatment in their control cells.
Itzhaki and coworkers tested 10 μM ﬂecainide on iPSC
CMs carrying RYR2 M4109R mutation, and it abolished all
DADs during patch-clamp recording [17]. Maizels and
coworkers [18] studied 6 μM ﬂecainide in CPVT hiPSC
CMs carrying mutation in CASQ2. In their study, ﬂecainide
abolished 57% of Ca2+ abnormalities in CPVT CMs and
decreased SOICR incidence by 15%. In our study, ﬂecainide
abolished 38% of Ca2+ abnormalities in all CPVT CMs,
which is less compared to others.
4.2. Carvedilol. Beta-blockers can be speciﬁc or nonspeciﬁc
depending of their binding to β- and α-receptors. Binding
to not only β-receptors but also α-receptors gives a betablocker, in addition to its negative inotropic eﬀects on myocardium, a dilative eﬀect on smooth muscle cells of blood
vessels therefore reducing also blood pressure. Carvedilol is
a versatile nonspeciﬁc β1/β2/α-adrenergic blocker used in
the treatment of heart failure [5]. Besides carvedilol, nadolol
is another common nonselective β1/β2-blocker, which is
used in treatment of CPVT. Adrenergic stress leads to phosphorylation of key Ca2+ handling proteins, including RYR2,
via the β-adrenergic signaling pathway. Eﬃcacy of betablockers in the treatment of arrhythmias in CPVT is based
on their capability to block this pathway. In addition to its
beta-blocking ability, carvedilol and its derivatives have also
been shown to suppress SOICR in HEK293 cell model by
directly blocking the RYR2 [19, 20]. Therefore, carvedilol
has a double action on CM Ca2+ handling: via β-adrenergic
signaling and RYR2. Therefore, carvedilol could have potential in the treatment of CPVT, and thus, it was tested with our
CPVT cell model in this study. Also, in the previously mentioned study by Maizels and coworkers, 0.3 μM carvedilol
abolished 50% of Ca2+ abnormalities in CPVT CMs [18].
Moreover, they reported that carvedilol decreased SOICR
incidence by 37%.
In this study, carvedilol was the most eﬀective in CPVT
CMs carrying RYR2 exon 3 deletion. Interestingly, even
though these CPVT CMs had lower ΔF/F0 compared to
other mutations, the responders in this group had higher
ΔF/F0 than the nonresponders (Supplementary Figure 6A).
Higher ΔF/F0 was favorable considering responsiveness to
the carvedilol therapy in exon 3 deletion CPVT CMs but
not in other mutations. Overall, carvedilol decreased ΔF/F0
in all cell lines but, again, we cannot say if the eﬀect seen
was because of direct inhibition of RYR2 or not. In control
CMs, carvedilol caused arrhythmias in cells, which were
beating faster initially, although this ﬁnding was not
statistically signiﬁcant (Supplementary Figure 6B). This
suggests that in control CMs, in which the spontaneous
beating rate is greatly lowered by carvedilol, the irregular
beating phase will most probably occur since most of the
Ca2+ abnormalities caused by carvedilol were IP type.
In this study, we used 1 μM adrenaline concentration,
which is relatively high. It is probable that the β-receptors
were desensitized through the β-arrestin-mediated pathway
during 3 min administration. Consequently, the β-receptors
are internalized by endocytosis decreasing the amount of
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available receptors to the drug molecules. It is possible that
due to this reason, we did not see signiﬁcant increase in beating frequency or changes in duration of calcium transients of
the CMs. The eﬀect of adrenaline is rapid and takes place
after few seconds of administration in vitro. Continuous
recording would be ideal, but the phototoxicity of the ﬂuorescent imaging and the adrenaline protocol did not allow a
time frame to capture the wanted eﬀect. The main idea was
to challenge the cells to mimic the adrenergic stress condition
in CPVT. However, if majority of the β-receptors were
desensitized and internalized, the direct eﬀect of carvedilol
on RYR2 could explain the antiarrhythmic eﬃcacy. Carvedilol concentration was selected based on preliminary tests.
Concentrations between 0.1 and 1 μM were tested, and
higher concentrations stopped the beating completely in
majority of the cells.
4.3. L4115F and V4653F. Point mutations in RYR2 cause gain
of function and spontaneous Ca2+ leakage through the channel leading to altered Ca2+ handling in CMs. The L4115F and
V4653F mutations in RYR2 are located in the mutation clusters 3 and 4, more precisely in the central and channel
domains of the protein [21]. Consistent with a previous study,
the CPVT cell lines carrying these two mutations were more
similar to each other and closer to control cell line compared
to the cell line carrying exon 3 deletion [11].
The L4115F CPVT CMs had most PA-, LP-, and IPtype Ca2+ abnormalities. They also had a wider spectrum
of diﬀerent Ca2+ abnormalities after adrenaline exposure
than the others. LP- and IP-type abnormalities could easily
be seen arising from DADs (Figure 3). PA abnormalities
resemble more EADs, which at the plateau or repolarization phase cause prolongation of Ca2+ transients. LP and
IP abnormalities instead create small upward ﬂuctuations
during diastole, in the baseline of Ca2+ transients. In the
study by Itzhaki and coworkers with a M4109R RYR2
mutant iPSC-derived CMs, DADs in the phase 4 of APs
were the most prevalent arrhythmias seen in patch-clamp
recordings [17]. The two aforementioned mutations
(L4115F and M4109R) are located close to each other in
the RYR2 amino acid sequence, and abnormal transients
caused by them are very similar. Even though the studies
utilized two diﬀerent methods, the mutations may have
similar arrhythmogenic mechanism creating DADs caused
by lowered threshold for SOICR.
A special feature of V4653F CPVT CMs was that they
exhibited alternans (AL) abnormalities, which were truly
extreme, almost caﬀeine-like induced eruptions of Ca2+
from the SR. Those could be a consequence of altered
Ca2+ sensitivity of the RYR2 channel opening. Tryptophan
being an aromatic amino acid, and not the smallest in size
either, could easily be seen creating disruption in tightly
packed central and channel domains of the RYR2 altering
its function. However, it is hard to say without detailed
protein modeling what kind of structural aberrations it
could cause in the RYR2 exactly. One noticeable diﬀerence
in the eﬃcacy of the two studied drugs was the eﬀect of ﬂecainide, and, more precisely, the ineﬃcacy of carvedilol
therapy on these AL-type abnormalities. Besides SR Ca2+
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leak, it is also possible that inﬂux of calcium contributes
to this kind of abnormal transients. Therefore, this could
explain the partial inhibition of the abnormalities by both
of the drugs, since even though they have an eﬀect on the
SR calcium leak, they might not be able to aﬀect the Ca2+
inﬂux.
4.4. Exon 3 Deletion. The exon 3 deletion in RYR2 leads to a
severe clinical phenotype of CPVT [22]. The patient carrying
the exon 3 deletion had the most polymorphic ventricular
complexes at rest during ECG compared to patients carrying
L4115F and V4653F mutations [11]. At the protein level,
exon 3 deletion causes a structural defect of the cytosolic part
of the RYR2 in the N-terminal domain aﬀecting domaindomain interactions inside the protein [21, 22]. Moreover,
the ability of RYR2 to rescue itself from a complete unfolding,
as a consequence of the exon 3 deletion, via a β-strand switch
of a ﬂexible loop region renders it more thermally stable [22].
Compared to the gain of function point mutations in RYR2,
the Ca2+ leak-causing mechanism of exon 3 deletion seems to
be much more complicated. It is thought, even though the
structural changes were caused by exon 3 deletion, that the
allosteric eﬀects to the channel domain would explain the
disease-causing malfunction of the Ca2+ gating [2]. In addition, the conformational changes, which occur because of
the exon 3 deletion, may result in missing or hidden binding
sites for RYR2 regulators or coactivators. The aforementioned fundamental diﬀerences between the exon 3 deletion
and the two studied point mutations probably explain the
higher incidence of the more severe OS- and MP-type abnormalities in the CPVT CMs carrying exon 3 deletion. The
ﬁnding supports another study, which found the exon 3 deletion of RYR2 to be resulted in abnormal termination of Ca2+
release through the channel [23]. In addition, OS- and Mtype abnormalities had signiﬁcantly higher Ca2+ peak duration and lower ΔF/F0.
Carvedilol and ﬂecainide were equally eﬀective in CPVT
cell lines. The antiarrhythmic mechanism of these drugs is
based on inhibition of abnormal SR calcium leak and stabilization of [Ca2+]i and therefore suppression of changes in
AP which could generate EADs/DADs. Both carvedilol and
ﬂecainide were the most eﬀective on the CMs carrying
RYR2 exon 3 deletion. Interestingly, the exon 3 deletion is
also associated with a severe clinical phenotype [24]. The
abnormalities caused by the deletion, mostly OS and MP,
were abolished rather well by both drugs. This indicates that
the drugs being eﬀective against the OS- and MP-type
abnormalities could explain the resulting beneﬁt achieved
in the CMS with RYR2 exon 3 deletion.
4.5. Limitations. In this study, we did not diﬀerentiate
between CM subtypes (atrial, nodal, or ventricular). In
addition, iPSC-derived CMs are considered to be functionally immature and methods to increase their maturity are
intensively investigated in many research groups. Furthermore, it is still unclear how well the calcium abnormalities
observed in the iPSC CMs mimic the disease mechanism
and whether they predict the treatment eﬃcacy of all
drugs in CPVT patients.
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5. Conclusions
Carvedilol and ﬂecainide were equally eﬀective in treating
arrhythmias in CPVT-speciﬁc iPSC-derived CMs in this
study. However, the proarrhythmic risk of ﬂecainide should
be recognized as it induced arrhythmias in control cells. Even
though the CPVT CMs carrying exon 3 deletion had the most
severe Ca2+ abnormalities, it had the best response to the
drug therapies. Both of these drugs are used in the clinics
for the treatment of CPVT. However, according to this study,
the arrhythmia-abolishing eﬀect of these drugs is not optimal at least at these concentrations. iPSC-derived CMs
provide a unique platform for testing new potential drugs
for CPVT. More detailed studies with combined or simultaneous electrophysiological techniques are needed to fully
understand the drug eﬀects and aberrations in excitation
contraction coupling leading to arrhythmias in CPVT disease modeling.
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Supplementary Materials
The supplementary material to this manuscript includes
detailed description of the materials and methods, additional
hiPSC line characterization, and results supporting the data.
Supplementary Figure 1: characterization of the
UTA.05603.CPVT hiPSC line (exon 3 deletion). Expression
of pluripotency markers Nanog, OCT3/4, SOX2, ssea4, tra160, and tra1-81 was conﬁrmed in embryoid bodies (EB) by
immunocytochemistry. Expression of SOX17, AFP, α-cardiac
actinin, VEGFR/KDR, SOX1, and Pax6 in EBs was conﬁrmed
by PCR. Expression of endogenes Rex1 and β-actinin was
conﬁrmed by PCR. Inactivation of exogenes OCT3/4, SOX2,
KLF4, and c-MYC was conﬁrmed by PCR. Supplementary
Figure 2: karyotype analysis of the UTA.05603.CPVT hiPSC
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line (exon 3 deletion). Karyotype was conﬁrmed normal by
PerkinElmer karyolite analysis. Supplementary Figure 3: representative calcium traces from each category before and after
the addition of carvedilol. Consecutive traces were recorded
from the same cell. In the presence of 1 μM adrenaline,
0.25 μM carvedilol caused calcium abnormalities (IP) in
26% of wild-type cells. Responder CPVT had oscillation
(OS) in the baseline and after adrenaline stimulus, but carvedilol abolished all these arrhythmias. Semiresponder still had
one multiple-peak event (MP) after carvedilol. In nonresponder, oscillation at baseline and during adrenaline turned
into multiple peaks (MP) after carvedilol. Supplementary
Figure 4: representative calcium traces from each category
before and after the addition of ﬂecainide. Consecutive traces
were recorded from the same cell. In the presence of 1 μM
adrenaline, 10 μM ﬂecainide caused prolongation of calcium
transients (PA) in 53% of wild-type cells. Responder CPVT
had oscillation (OS) in the baseline and after adrenaline stimulus, but ﬂecainide abolished all these arrhythmias. In semiresponder CPVT, oscillation at baseline and after adrenaline
stimulus turned into irregular beating phase (IP). In nonresponder CPVT, ﬂecainide was not able to abolish alternans
(AL) abnormalities. Supplementary Figure 5: comparison of
abnormal calcium peak amplitude (ΔF/F0) and duration to
normal after adrenaline stimulation. (A) ΔF/F0 was significantly (P < 0 05) lower in CPVT CMs exhibiting OS, MP,
and PA calcium abnormalities compared to normal ones.
(B) Duration was signiﬁcantly (P < 0 05) longer in CPVT
CMs exhibiting OS and MP (but not PA) calcium abnormalities compared to normal ones. Supplementary Figure
6: comparison of diﬀerent calcium transient parameters
between responders and nonresponders. (A) CMs with
exon 3 deletion in which carvedilol abolished all calcium
abnormalities had higher ΔF/F0 which indicates [Ca2+]i.
Control CMs in which carvedilol caused arrhythmias had
higher beating frequency, but the ﬁnding was not statistically
signiﬁcant. Control CMs in which ﬂecainide caused arrhythmias had longer calcium peak duration, half-width (C and
D), and lower beating frequency (E) CMs. ϯ indicates statistical signiﬁcance (P < 0 05). (Supplementary Materials)
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Human iPS cell culture:
Human iPSCs were cultured on mitomycin-C inactivated mouse embryonic fibroblasts (26,000
cells/cm2, CellSystems Biotechnologie Vertrieb GmbH, Troisdorf, Germany), which act as feeder cells
to support the growth of undifferentiated hiPSCs and to maintain their pluripotent state in hiPSC
maintenance medium (KO-DMEM (Thermo Fisher Scientific) base, 20% KO-SR (Thermo Fisher
Scientific), 1% non-essential amino acids (NEAA, Lonza Group Ltd, Basel, Switzerland), 2mM GlutaMax
(Thermo Fisher Scientific), 50 U/ml penicillin/streptomycin (Lonza), 0.1 mM 2-mercaptoethanol
(Thermo Fisher Scientific) and 4 ng/ml basic fibroblast growth factor (bFGF, Peprotech, Rocky Hill, NJ,
US)). Medium was changed three times per week. The undifferentiated state of hiPSCs was confirmed
by morphologic analysis with Nikon Eclipse TS100 phase contrast microscope (Nikon Instruments
Europe B.V. Amstelveen, The Netherlands) with Altra-Cell-D-Bundle camera (Olympus Corporation,
Tokyo, Japan) and undifferentiated colonies were passaged weekly on new MEFs. MEF feeder cell
layers were manually removed by scraping with a pipette tip and treated with 1 mg/ml Collagenase IV
(Thermo Fisher Scientific). Remaining attached hiPSC colonies were transferred to a new culture plate.
Characterization of hiPSC lines was done as described earlier (1,2)

Cardiac differentiation:
Differentiation into cardiomyocytes was carried out by co-culturing hiPSCs (50,000 cells/cm2) with
murine visceral endoderm-like (END-2) cells (prof. Mummery, Humbrecht Institute, Utrecht, The
Netherlands)(3). END-2 –cells were mitomycin-C (Sigma Aldrich, St. Louis, MO, USA) inactivated (5
ђl/ml, 3h), trypsinized (Lonza) and plated on 12-well-plate (Nunc) 175,000 cells/well in DMEM-F12
(Thermo Fisher Scientific) based medium (7.5% fetal bovine serum (FBS, Biosera, Boussens, France),
1% NEAA (Lonza), 2 mM GlutaMax (Thermo Fisher Scientific) and 50 U/ml penicillin/streptomycin
(Lonza)). END-2 –cells were let to attach in 37°C overnight. 0% KO-SR KO-DMEM (Thermo Fisher
Scientific) based medium (1% NEAA (Lonza), 2mM GlutaMax (Thermo Fisher Scientific), 50 U/ml
penicillin/streptomycin (Lonza) and 0.1mM ɴ-mercaptoethanol (Thermo Fisher Scientific)) was

changed to END-2 cells an hour before plating the hiPSCs. MEFs were removed as described above.
hiPSC -colonies were transferred on END-2 –cells ~30 colonies/well with minimal amount of culture
medium. Cells were co-cultured in 37°C and 5% CO2. The 0% KO-SR -medium was changed at days 5,
8 and 12. After 15 days of culturing, the medium was changed to 10% KO-SR KO-DMEM (Thermo Fisher
Scientific) based medium (10% KO-SR (Thermo Fisher Scientific), 1% NEAA (Lonza), 2mM GlutaMax
(Thermo Fisher Scientific), 50 U/ml penicillin/streptomycin (Lonza) and 0.1mM ɴ-mercaptoethanol
(Thermo Fisher Scientific)) and changed 3 times a week. Cells were monitored with phase-contrast
microscopy (Nikon Eclipse TS100 microscope, Imperx IGV-B1620M-KC000 camera, JAI Camera Control
Tool software). hiPSCs formed spontaneously beating clusters after 15 days of co-culturing.

Dissociation of beating cell aggregates:
Beating clusters were cut and isolated with scalpel and dissociated (3). Beating areas were washed in
Low-Ca buffer (12ml 1M NaCl, 0.54ml 1M KCl, 0.5ml 1M MgSO4, 0,5ml 1M Na pyruvate, 2ml 1M
glucose, 20ml 0,1M taurine and 1ml 1M HEPES (pH adjusted to 6.9 with NaOH)) at room temperature
(RT) for 30 minutes and treated with buffer (12ml 1M NaCl, 3ђl 1M CaCl2, 0.54ml 1M KCl, 0.5ml 1M
MgSO4, 0.5ml 1M Na pyruvate, 2ml 1M glucose, 20ml 0.1M taurine, 1 mg/ml collagenase A (Roche
Diagnostics, Basel, Switzerland) and 1ml 1M HEPES (pH adjusted to 6.9 with NaOH)) including
collagenase A (Roche Diagnostics) at 37 ȗC for 45 minutes. Cells were incubated in KB medium (3ml 1M
K2HPO4, 8.5ml 1M KCl, 2mmol/l Na2ATP, 0.5ml 1M MgSO4, 0.1ml 1M EGTA, 0.5ml 1M Na pyruvate, 2ml
1M glucose, 5ml 0.1M creatine and 20ml 0.1M taurine, pH 7.2) (20ђl of 1M glucose was added per 1ml
of KB-medium before use) at RT for one hour. Washed beating areas were resuspended in EB-medium
(20% FBS (Biosera) in KO-DMEM (Thermo Fisher Scientific), 1% NEAA (Lonza), 2mM GlutaMax (Thermo
Fisher Scientific), 50 U/ml penicillin/streptomycin (Lonza)) by pipetting up and down several times
against the bottom of the dish.
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Supplementary figure 1. Characterization of the UTA.05603.CPVT hiPSC line. Expression of pluripotency markers
nanog, oct3/4, sox2, ssea4, tra1-60 and tra1-81 was confirmed in embryoid bodies (EB) by
immunocytochemistry. Expression of Sox17, AFP, ɲ-cardiac actinin, VEGFR/KDR, Sox1, and Pax6 in EBs was
confirmed by PCR. Expression of endogenes rex1 and ɴ-actinin was confirmed by PCR. Inactivation of exogenes
oct3/4, sox2, klf4 and c-myc was confirmed by PCR.

Supplementary figure 2. Karyotype analysis of the UTA.05603.CPVT hiPSC line. Karyotype was confirmed normal
by PerkinElmer Karyolite analysis.

Supplementary figure 3. Representative calcium traces from each category before and after the addition of
carvedilol. Consecutive traces were recorded from the same cell. In the presence of 1ђM adrenaline, 0.25ђM
carvedilol caused calcium abnormalities (IP) in 26% of wild type cells. Responder CPVT had oscillation (OS) in the
baseline and after adrenaline stimulus, but carvedilol abolished all these arrhythmias. Semi-responder still had
one multiple peak event (MP) after carvedilol. In non-responder oscillation at baseline and during adrenaline
turned into multiple peaks (MP) after carvedilol.

Supplementary figure 4. Representative calcium traces from each category before and after the addition of
flecainide. Consecutive traces were recorded from the same cell. In the presence of 1ђM adrenaline, 10ђM
flecainide caused prolongation of calcium transients (PA) in 53% of wild type cells. Responder CPVT had
oscillation (OS) in the baseline and after adrenaline stimulus, but flecainide abolished all these arrhythmias. In
semi-responder CPVT, oscillation at baseline and after adrenaline stimulus turned into irregular beating phase
(IP). In non-responder CPVT, flecainide was not able to abolish alternans (AL) abnormalities.

Supplementary figure 5. Comparison of abnormal calcium peak amplitude (ȴF/F0) and duration to normal after
adrenaline stimulation. (A) ȴF/F0 was significantly (p<0.05) lower in CPVT CMs exhibiting OS, MP and PA calcium
abnormalities compared to normal ones. (B) Duration was significantly (p<0.05) longer in CPVT CMs exhibiting
OS and MP (but not PA) calcium abnormalities compared to normal ones.

Supplementary figure 6. Comparison of different calcium transient parameters between responders and nonresponders. (A) CMs with exon 3 deletion in which carvedilol abolished all calcium abnormalities had higher

ȴF/F0 which indicates [Ca2+]i. Control CMs in which carvedilol caused arrhythmias had higher beating frequency
but the finding was not statistically significant. Control CMs in which flecainide caused arrhythmias had longer
calcium peak duration, half width (C and D) and lower beating frequency (E) CMs. ൱ indicates statistical
significance (p<0.05).
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Simultaneous recordings of action potentials and calcium
transients from human induced pluripotent stem cell derived
cardiomyocytes

ABSTRACT
Human induced pluripotent stem cell derived cardiomyocytes (hiPSCCMs) offer a unique in vitro platform to study cardiac diseases, as they
recapitulate many disease phenotypes. The membrane potential (Vm)
and intracellular calcium (Ca2+) transient (CaT) are usually
investigated separately, because incorporating different techniques
to acquire both aspects concurrently is challenging. In this study, we
recorded Vm and CaT simultaneously to understand the interrelation
between these parameters in hiPSC-CMs. For this, we used a
conventional patch clamp technique to record Vm, and synchronized
this with a Ca2+ imaging system to acquire CaT from same hiPSCCMs. Our results revealed that the CaT at 90% decay (CaT90) was
longer than action potential (AP) duration at 90% repolarization
(APD90). In addition, there was also a strong positive correlation
between the different parameters of CaT and AP. The majority of
delayed after depolarizations (DADs) observed in the Vm recording
were also characterized by elevations in the intracellular Ca2+ level,
but in some cases no abnormalities were observed in CaT. However,
simultaneous fluctuations in CaT were always observed during early
after depolarizations (EADs) in Vm. In summary, simultaneous
recording of Vm and CaT broadens the understanding of the
interrelation between Vm and CaT and could be used to elucidate
the mechanisms underlying arrhythmia in cardiac disease condition.
KEY WORDS: hiPSC-CMs, Membrane potential, Calcium transient,
Delayed after depolarization, Early after depolarization

INTRODUCTION

The discovery of human induced pluripotent stem cells (hiPSCs)
(Takahashi et al., 2007) from somatic cells and their ability to
differentiate into cardiomyocytes (CMs) (hiPSC-CMs) provides a
robust platform to study genetic cardiac diseases (Kujala et al., 2012;
Lahti et al., 2012; Kiviaho et al., 2015; Penttinen et al., 2015; Ojala
et al., 2016; Kuusela et al., 2017; Prajapati et al., 2018; Itzhaki et al.,
2012; Ma et al., 2015; Spencer et al., 2014) and for drug screening
(Liang et al., 2013). Since hiPSC-CMs have the same genetic
information as the donor, they provide a patient-specific in vitro
modelling set-up. At the molecular level, hiPSC-CMs express major
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cardiac ion channels (Lee et al., 2016), Ca2+ cycling components
(Itzhaki et al., 2011) and adrenergic receptors (Földes et al., 2014).
Thus, these hiPSC-CMs closely mimic cardiac functionality and
have already recapitulated many genetic cardiac diseases such as
LQT1 (Kiviaho et al., 2015; Kuusela et al., 2017; Ma et al., 2015),
LQT2 (Lahti et al., 2012; Spencer et al., 2014), CPVT (Kujala et al.,
2012; Itzhaki et al., 2012; Penttinen et al., 2015; Pölönen et al., 2018;
Ahola et al., 2017) and HCM (Ojala et al., 2016; Prajapati et al.,
2018; Földes et al., 2014; Lan et al., 2013; Han et al., 2014). In CMs,
the contraction is driven by action potential (AP) induced release of
intracellular Ca2+. Inward current through sodium channels (INa)
starts the rapid depolarization of the CM cell membrane, which
triggers inward current through L-type calcium channels (ICa,L). This
leads to Ca2+ induced Ca2+ release (CICR) from the sarcoplasmic
reticulum (SR) via ryanodine receptors. Ca2+ binds to sarcomeres,
the contractile units of myofibrils, and allows the movement of
myofilaments and contractile motion. The cell membrane is then
repolarized by several repolarizing potassium currents and Ca2+ is
reloaded into SR via SR Ca2+ ATPase. (Kane et al., 2015)
The presence of ion channels plays a major role in shaping AP
and Ca2+ dynamics (Bartos et al., 2015). The membrane potential
(Vm) and intracellular Ca2+ concentration [Ca2+]i are the most
crucial elements in the normal physiology and also in arrhythmias in
cardiology. Ca2+ ion plays a major role in activation and modulation
of contraction in CMs. The measurement of [Ca2+]i using a Ca2+
indicator during contraction and relaxation of CMs reflects the SR
Ca2+ release and uptake. Furthermore, [Ca2+]i influences the shape
and duration of AP via Ca2+-sensitive ionic channels such as ICa,
Na+-Ca2+ exchanger (NCX) and Ca2+-activated nonselective cation
channels, thereby modifying the electrophysiological properties, for
example, the refractoriness and membrane depolarization rate (Wu
et al., 2005; Bers, 2002). Conversely, Vm can influence the Ca2+
spark and waves (Sato et al. 2014). Thus, the Vm and Ca2+ cycle are
highly interdependent and bidirectionally coupled (Omichi et al.,
2004). Only few studies have been focused on simultaneous
recording of Vm and calcium transient (CaT) from the same hiPSCCMs (Lee et al., 2012; Spencer et al., 2014). Thus, this hinders the
understanding of inter-relations between Vm and CaT from the same
hiPSC-CMs. To improve the understanding of the complex
dynamics and mechanisms underlying arrhythmias, it is ideal to
analyse Vm and CaT simultaneously from the same cell. In this
study, we performed simultaneous Vm and CaT recordings from the
same hiPSC-CMs to investigate in more detail the correlation
between these parameters.

This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution and reproduction in any medium provided that the original work is properly attributed.

RESULTS
Immunocytochemistry
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Immunostaining experiments were performed to confirm the presence
of different cardiac proteins in hiPSC-CMs. Dissociated hiPSC-CMs
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Fig. 1. Representative
immunofluorescence images of
hiPSC-CMs showing cardiac
proteins. (Upper) 50 slices were
combined from confocal
immunofluorescence images of
nucleus (DAPI, blue), cardiac
troponin T (cTnT, green) and
cardiac ryanodine receptors (RyR2,
red). Final panel shows the former
three merged. (Lower) 40 slices
were combined from confocal
immunoflurescence images of
nucleus (DAPI, blue), cTnT (green),
L-type calcium channels (CaV1.2,
red). Final panel shows the former
three merged. Scale bars: 10 μM.

Voltage-gated ionic current hiPSC-CMs

The presence of various voltage-gated ionic currents in hiPSC-CMs
were confirmed using voltage clamp techniques. Fig. 2 summarizes
the representative AP and different ionic currents recorded from
hiPSC-CMs. The fast INa is responsible for the rapid upstroke

Biology Open

were imaged with a confocal microscope with z-stack.
Immunostainings of hiPSC-CMs showed the positive staining of
cardiac troponin T (cTnT) (green), CaV1.2 (red) and cardiac ryanodine
receptor (RyR2) (red) (Fig. 1). These immunostaining images show
the homogenous distribution of ICa,L and RyR2 in hiPSC-CMs.

Fig. 2. Representative voltage-gated ionic current traces from hiPSC-CMs and their predominance area in action potential. Ito, transient outward
potassium current; ICa, calcium current; INa, sodium current; IKr/IKs, rapid/slow rectifier potassium current; If, funny current; IK1, inward rectifier potassium
current. See Fig. S1 for current-voltage relationship of respective ionic currents.
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phase in AP, and peak INa current density was −23.1±5.2 pA/pF
(n=15; Fig. S1A). Following rapid depolarization, transient outward
potassium current (Ito) starts the repolarization of AP. We found that
the peak Ito current density at 70 mV was 7.3±1.4 pA/pF (n=5;
Fig. S1B). The calcium current (ICa) is responsible for the plateau
phase of AP, and peak ICa current density at 10 mV was 2.6±0.7
pA/pF (n=5; Fig. S1C). As the plateau phase moves toward more
negative membrane potential, mainly two types of potassium
currents, rapid rectifier potassium current (IKr) and slow rectifier
potassium current (IKs), are activated. IKr peak current was
calculated at the end of 3 s depolarization test potential and IKr
tail current is calculated as peak current in response to step
depolarization. The peak and tail current densities of IKr at 0 mV
were 1.0±0.3 and 1.1±0.2 pA/pF, respectively (n=5; Fig. S1D).
Similarly, the peak and tail current densities of IKs at 40 mV were
0.6±0.1 and 0.5±0.1 pA/pF, respectively (n=6; Fig. S1E). In
addition, inward rectifying potassium current (IK1) is activated
during and following the repolarization phase to ensure the
terminal repolarization and stable resting membrane potential. The
peak IK1 current density and funny current (If ) density at 130 mV
were −2.5±0.6 pA/pF and −3.7±1.0 pA/pF, respectively (n=6,
Fig. S1F-G).
Correlation of CaT with AP

Spontaneously beating hiPSC-CMs with visible Ca2+ dynamics
under a microscope were chosen for simultaneous recording of

APs and CaTs. APs were continuously recorded in gap-free mode,
while CaTs were recorded in between for a minimum of 30 s. The
majority of the patched cells (∼90%) were characterized as
ventricular-like hiPSC-CMs. Only a minority of the patched cells
were atrial-like (∼5%) or nodal-like (∼5%) hiPSC-CMs. Examples
of APs and CaTs recorded from the same cells representing all three
types of hiPSC-CMs are shown in Fig. 3. As shown in Fig. 3, the
upstroke of AP was followed by a rapid increase in [Ca2+]i. Notably,
the [Ca2+]i decreased to the minimum diastolic level after the
repolarization phase of AP in hiPSC-CMs subtypes. Thus, the CaT
at 90% decay (CaT90) was always longer than AP duration (APD) at
90% repolarization (APD90) irrespective of hiPSC-CMs subtypes.
Our results showed that the average APD90 and CaT90 in
ventricular-like hiPSC-CMs were 326.3±4.5 ms (N=37, n=583)
and 790.7±13.7 ms (N=37, n=583), respectively. This implies that
CaT90s were approximately 2.4 times longer than APD90s
(Fig. 3A,D). The average APD90 and CaT90 in atrial-like hiPSCCMs were 235.5±14 ms (N=2, n=35) and 552.8±18.3 ms (N=2,
n=35), respectively, and thus CaT90s were approximately 2.3 times
longer than APD90s (Fig. 3B,E). The same was observed with
nodal-like hiPSC-CMs, the average APD90 and CaT90 were
195.4±3.0 ms (N=2, n=49) and 512.5±12.4 ms (N=2, n=49),
respectively, therefore CaT90s were 2.6 times longer than
APD90s (Fig. 3C,F). We performed the correlation tests between
APD90 and CaT90; APD at 50% repolarization (APD50) and CaT
at 50% decay (CaT50) and APD50 and time-to-peak of CaT in
3
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Fig. 3. Simultaneous recording of action
potentials and intracellular calcium
recording in hiPSC-CMs.
(A-C) Representative traces of action
potentials (black, upper traces) and
corresponding CaTs (red, lower traces)
recorded simultaneously in (A) ventricularlike, (B) atrial-like and (C) nodal-like hiPSCCMs. Dashed lines represent 0 mV.
(D-F) Action potential amplitudes and CaT
amplitudes were normalized to 1.5 and
1 value respectively. Ventricular-like hiPSCCMs, N=37; atrial-like hiPSC-CMs, N=2;
nodal-like hiPSC-CMs, N=2.
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Fig. 4. Correlation between action potential and calcium transient parameters in ventricular-like hiPSC-CMs. (A-C) The linear relationship between (A)
APD90 and CaT90, (B) APD50 and CaT50 and (C) APD50 and time-to-peak. N=37, n=583, P<0.0001, Pearson’s correlation test. AP parameters were
compared with their corresponding CaT parameters.

AP and CaT during arrhythmias

During simultaneous recording under baseline conditions, delayed
after depolarizations (DADs) were occasionally observed (Fig. 5).
DADs were defined as abnormal membrane depolarizations with
amplitudes of ≥3% of the preceding AP that occurred after
completion of the repolarization. Similarly, early after
depolarizations (EADs) were defined as abnormal firings either
during phase 2 or phase 3 of AP. At baseline, each DAD and phase 3
EAD recorded in AP were compared to their corresponding CaT of
the same cell. Interestingly, 33 DADs in the Vm recording
corresponded to [Ca2+]i elevation (Fig. 5A,D). However, 22
DADs presented changes in Vm without any corresponding
change in [Ca2+]i i.e. DAD was observed in AP recording, but no
change was observed in [Ca2+]i (Fig. 5B,E; Fig. S2A). Furthermore,
we performed a correlation test (Fig. S2A) on those 33 DADs with
similar observations in Vm and CaT between relative DAD
amplitude (i.e. % of DAD amplitude with respect to APA) and the
corresponding relative CaT amplitude (i.e. % amplitude of [Ca2+]i
elevation with respect to CaT amplitude). The results demonstrated a
positive correlation between these two parameters (P=0.01,
Pearson’s correlation test), implying that the amplitude of DADs
was dependent on the amplitude of elevated [Ca 2+]i. Also, we
compared the amplitude of DADs with and without
corresponding elevation in [Ca2+]i (Fig. S2B). We found that
the average DAD amplitude (10.4±0.6 mV; n=33) with
corresponding elevation in [Ca2+]i was significantly higher
than the average DAD amplitude (6.5±0.5 mV; n=26) without
corresponding [Ca2+]i elevation (P<0.0001, student t-test). In
addition, phase 3 EADs were recorded during the simultaneous
recording of Vm and CaT during baseline conditions (n=2,
Fig. 5C,F) and elevated [Ca2+]i was observed in CaT at the same
time as in phase 3 EADs observed in Vm.

Effect of ion channel blockers on AP and CaT

Initially, simultaneous APs and CaTs were recorded in a normal
extracellular solution. To test whether ICa,L is important for the
spontaneous beating of hiPSC-CMs, 5 μM nimodipine was used
(Fig. 6A). This caused the cessation of both AP and CaT in all of the
cells tested (N=3, Fig. 6B). E-4031 (650 nM) was used to block the
IKr in hiPSC-CMs, and after 1 min of exposure to E4031, four types
of responses were observed (Fig. 7). Firstly, 10% (N=1/10) of cells
showed prolongation of both APD and CaT, but there was no
occurrence of EAD (Fig. 7A,D). The maximum diastolic potential
(MDP) was decreased to −50 mV and the APD90/50 ratio became
1.4±0.01 (n=12), meaning APs became slightly more triangular.
In addition, the APD90 and CaT90 were 420.9±3.6 (n=12) and
891.7±8.7 (n=12) respectively; increasing by 72% and 77%,
respectively, from their baseline values. Secondly, 40% (N=4/10)
of cells showed prolongation of both APD and CaT duration and
this eventually led to phase 2 EADs (Fig. 7B,E). The CaT90s were
extended in proportion to the prolongation of APD90s and CaT
followed the shape of Vm. In EADs, the average APD90 and CaT90
were 2334.3±508.2 ms and 2471.1±508.7 ms (n=27), respectively.
Notably, the CaT90 was approximately 1.1 times longer than the
APD90. Thus, the gaps between Vm and [Ca2+]i were closer during
the terminal repolarization in phase 2 EAD episodes. Thirdly, 30%
(N=3/10) of cells had depolarized MDP and increased in beating
frequency, i.e. an oscillation configuration with or without the
occurrence of phase 2 and phase 3 EADs (Fig. 7C,F). The MDP was
decreased to 42.7±3.4% (N=3) and beating frequency was increased
by 110.6±43.1% (N=3). In these cases, the APD90s were increased
by 41% and the average value was 355.2±3.7 (n=60). In contrast,
the CaT90s were decreased by 2.4% and the average value was
547.3±6.9 (n=60). Although CaT90s were decreased from baseline,
APD90s were still shorter than CaT90 in oscillation conditions.
Moreover, the APD90/APD50 ratio was increased to 1.8±0.01
(n=60), indicating that AP shape became more triangular than in
baseline conditions. Finally, 20% (N=2/10) of cells showed a
cessation of beating, with minimal Vm and [Ca2+]i fluctuation (data
not shown).
DISCUSSION

In this study, we found that, in hiPSC-CMs: (1) voltage-gated ionic
currents are functional; (2) there are strong correlations between AP
4

Downloaded from http://bio.biologists.org/ by guest on July 30, 2018

Biology Open

ventricular-like hiPSC-CMs (Fig. 4). Our results demonstrated a
positive correlation (N=37, n=583, P<0.0001, Pearson’s correlation
test) between these parameters, indicating that CaT parameters and
AP parameters are interdependent. The END-2 differentiation
technique produces a lower number of atrial-like and nodal-like
hiPSC-CMs, thus only small number of those cell types were
recorded in this study. Therefore, we did not perform correlation
tests in atrial- and nodal-like hiPSC-CMs.
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parameters and CaT parameters; (3) DADs observed in Vm
recordings are mostly characterized by elevation in [Ca2+]i;
(4) blocking of IKr causes variable responses, including
prolongation of both APD and CaT duration, occurrence of EAD
and even cessation of beating. The AP recordings from hiPSC-CMs
exhibit all phases of AP and current densities of different voltagegated channels measured in the present study are comparable to
earlier studies in hiPSC-CMs (Han et al., 2014; Spencer et al., 2014;
Lee et al., 2016; Ma et al., 2015). The depolarization of Vm causes
the opening of ICa,L, and facilitates the main pathway for Ca2+ entry
for CICR (Kane et al., 2015). However, in this study, blocking the
ICa,L resulted in spontaneous beating ending, which is consistent
with earlier studies (Itzhaki et al., 2011; Spencer et al., 2014),
indicating the importance of ICa,L in the normal function of CMs.
The Ca2+-activated transient currents influence the characteristics of
normal AP (Laflamme and Becker, 1996). Similarly, abnormal
intracellular Ca2+ handling cause the dysfunction of contraction/
relaxation and arrhythmia in diseased CMs (Kujala et al., 2012;
Penttinen et al., 2015; Ojala et al., 2016).
This study demonstrated that in normal conditions, the CaT90s
were twice as long in duration than APD90s in hiPSC-CMs. In an
earlier study of simultaneous voltage and Ca2+ mapping using Fura4F in the hiPSC-CMs monolayer, the CaT90s were also observed to
be longer than APD90s (approximately 1.2 times) (Lee et al., 2012).
A possible reason for the larger difference in our study compared to
earlier studies might be due to the Ca2+ indicators: there was low-

affinity ratiometric Fura-4F in previous studies as opposed to highaffinity non-ratiometric Fluo-4 as Ca2+ dye in our study. Ca2+ dye
with high-affinity (Fluo-4) had significantly longer CaT duration
than Ca2+ dye with low-affinity (Fura-4F) (Kong and Fast, 2014;
Fast et al., 2004).
Our earlier studies (Ojala et al., 2016; Kujala et al., 2012;
Prajapati et al., 2018) and studies by other groups (Itzhaki et al.,
2012; Liang et al., 2013; Lan et al., 2013) have shown that control
hiPSC-CMs also occasionally exhibited arrhythmias (DADs and
phase 3 EADs) under baseline conditions. However, phase 2 EADs
were not observed in control hiPSC-CMs at baseline, but were
commonly observed in disease conditions such as LQT1 and LQT2
(Kuusela et al., 2017; Spencer et al., 2014; Ma et al., 2015). In
addition, we demonstrated that DADs and EADs could take place in
the same CMs (Ojala et al., 2016; Prajapati et al., 2018) particularly
because spontaneous SR Ca2+ release plays a role in the occurrence
of both DADs and EADs (Volders et al., 1997). The wellestablished mechanism of DADs is that the spontaneous release of
Ca2+ from SR induces transient inward current generated either by
the activation of NCX, calcium-activated Cl− current or nonselective cationic current. (Ko et al., 2017; Verkerk et al., 2000;
Schlotthauer and Bers, 2000). A similar DAD mechanism was also
observed in this study with hiPSC-CMs where elevation in [Ca2+]i
resulted in the rise in Vm. However, we also observed events where
[Ca2+]i did not change, although DADs were observed in Vm. We
postulate three possible explanations for this discrepancy: (1) the
5
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Fig. 5. Membrane potentials and the
corresponding calcium transient during
arrhythmia in hiPSC-CMs. (A) Action
potentials exhibiting DADs (black, upper
trace) with corresponding elevation in CaT
(red, lower trace). (B) Action potentials
exhibiting DADs (black, upper trace)
without corresponding elevation in CaT
(red, lower trace). For more detail, see Fig.
S2. (C) Action potentials exhibiting phase 3
EAD (black, upper trace) and
corresponding CaT (red, lower trace). Note
the elevation in intracellular calcium level in
phase 3 EAD. (D-F) Action potential
amplitudes and CaT amplitudes were
normalized to 1.5 and 1 value respectively.
Dashed lines represent 0 mV. Red
arrowheads indicate the DADs and phase 3
EADs.
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[Ca2+]i amplitude got reduced by spatial averaging since the
amplitude of DADs without [Ca2+]i elevation was significantly
lower, (2) high-affinity Fluo-4 artificially prolongs the CaT
duration, which overshadowed the DAD observed nearer to
terminal repolarization of AP, or (3) the involvement of
Ca2+-independent currents promoting depolarization of Vm, and
possible mechanisms is still unknown. Consistent with a previous
study (Mitsunori et al., 2009), the amplitude of DAD was dependent
on the amplitude of [Ca2+]i elevation in our study. Furthermore, the
DAD amplitude is also dependent on the sensitivity of resting Vm to
change in [Ca2+]i i.e. diastolic Ca2+-voltage coupling gain
(Mitsunori et al., 2009). On the other hand, APDs and CaTs were
prolonged concurrently with the pharmacological blockage of IKr by
E-4031; phase 2 EADs were also occasionally observed. During
phase 2 EAD, the notable observation was that the CaT always
followed the Vm during the EAD episodes i.e. CaT was changing
corresponding to small Vm oscillations. This demonstrates a strong
dependency between Vm and CaT during this kind of arrhythmic
condition. Furthermore, the upstroke of an EAD is generally carried
by ICa, and take-off potential of an EAD depends on the complex
interplay between the kinetics of ICa and IKs (Chang et al., 2011).
The mechanism of phase 2 EAD is that the window current of ICa
overlapping the Vm promotes the reactivation of ICa,L and causes
EAD to occur (January and Riddle 1989). In addition, an earlier
study explained that spontaneous SR Ca2+ release during the plateau
phase of AP has an essential role in the development of an EAD

(Choi et al., 2002). The phase 3 EAD shares the properties of both
DADs and phase 2 EADs, but it has its own unique character.
Phase 3 is distinguished by the breaking off in the final phase of
repolarization of AP. The elevated [Ca2+]i during repolarization
enhances the NCX current that could potentially trigger phase 3
EADs (Volders et al., 2000; Maruyama et al., 2012). Our study
demonstrates that the CaT was also following the change in Vm
during the phase 3 EAD, similarly as in the phase 2 EAD. An
earlier study using Langendorff rabbit heart reported that the CaT
faithfully tracts the Vm during faster beating frequency and
ventricular tachycardia (Wu et al., 2005). However, there is a
possibility that SR Ca2+ cycling undergoes an intrinsic dynamic
independent of Vm. One example of such is during ventricular
fibrillation (VF), where CaT is no longer associated with Vm
(Omichi et al., 2004; Wu et al., 2005). Taken together, CaT and Vm
are closely associated not only in normal condition, but also in
phase 2/3 EADs and in the majority of DADs. However, CaT can
dissociate from Vm, and go through its own pathway in certain
conditions, such as in a VF episode.
MATERIALS AND METHODS
Ethical approval and generation of hiPSC lines

Approval from the Ethics Committee of Pirkanmaa Hospital District was given
to conduct the research on hiPSC lines (Aalto-Setälä R08070). Patients
donating skin biopsies gave informed consent in Tays Heart Hospital, Tampere
University Hospital, Finland. Two control hiPSC lines, UTA.04602.WT
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Fig. 6. Effect of 5 μM Nimodipine in
spontaneous beating of hiPSC-CMs.
(A) Baseline recording of action potentials (black,
upper trace) and corresponding CaT traces (red,
lower trace) from the same hiPSC-CMs.
(B) Representative traces of membrane potential
(black, upper trace) and CaT (red, lower trace)
showing the cessation of spontaneous beating with
blockage of calcium channels. (C,D) Action
potential amplitudes and CaT amplitudes were
normalized to 1.5 and 1 value respectively.
Dashed lines represent the 0 mV. (N=3).

Biology Open (2018) 7, bio035030. doi:10.1242/bio.035030

Fig. 7. Three different responses of 650 nM E-4031 in spontaneous beating of hiPSC-CMs. (A) Representative traces of baseline action potential (black,
upper trace) and corresponding CaT (red, lower trace). (B) Prolongation of action potential duration (black, upper trace) and corresponding CaT (red, lower
trace). (C) Occurrence of phase 2 EAD (black, upper trace) and corresponding CaT (red, lower trace). (D) Oscillation of membrane potential with EADs
(black, upper trace) corresponding with CaT (red, lower trace). (E-H) Action potential amplitudes and CaT amplitudes were normalized to 1.5 and 1 value
respectively. Dashed lines represent the 0 mV. Red arrowheads indicate the phase 2 and phase 3 EADs.

7
Downloaded from http://bio.biologists.org/ by guest on July 30, 2018

Biology Open

RESEARCH ARTICLE

RESEARCH ARTICLE

Biology Open (2018) 7, bio035030. doi:10.1242/bio.035030

(healthy 56-year-old female) and UTA.04511.WT (healthy 34-year-old male)
were used in this study. The UTA.04511.WT hiPSC line was generated using
Sendai vectors, and UTA.04602.WT was generated by using pMX retroviral
vectors without Cre-LoxP site. Both hiPSC lines were derived and cultured on
mouse embryonic fibroblast (MEF) feeder cell layers (26,000cells/cm2;
CellSystems Biotechnologie Vertrieb GmbH, Troisdorf, Germany) in culture
medium containing knockout-DMEM (ko-DMEM) (Gibco) supplemented
with 20% knockout serum replacement (ko-SR) (Gibco), 1% nonessential
amino acids (NEAA) (Lonza Group Ltd, Basel, Switzerland), 2 mM
GlutaMax (Gibco), 50 U/ml penicillin/streptomycin (Lonza Group Ltd),
0.1 mM 2-mercaptoethanol (Gibco) and 4 ng/ml basic fibroblast growth factor
(bFGF) (PeproTech, Rocky Hill, USA). The characterization of these lines
were found in previous study (Ojala et al., 2016).
Differentiation into cardiomyocytes and dissociation

Both hiPSC lines were differentiated into cardiomyocytes by co-culturing
with Mitomycin C (Sigma-Aldrich) treated mouse visceral endodermal-like
cells (END-2) (Hubrecht Institute, Utrecht, Netherlands) (50,000cells/cm2)
as described earlier (Mummery et al., 2003; Ojala et al., 2012). MEF feeder
cell layers were removed manually before differentiation. Approximately 30
colonies per well were detached and transferred onto END-2 cells in
stem cell culture medium without ko-SR or bFGF and supplemented with
3 mg/ml ascorbic acid (Sigma-Aldrich). Medium was changed after 5, 8 and
12 days of culturing. After 15 days of culturing, 10% ko-SR was included
and ascorbic acid was excluded from the culture medium; subsequently, the
medium was changed three times per week. Beating areas were cut and
washed in Low-Ca buffer [12 ml 1 M NaCl, 0.54 ml 1 M KCl, 0.5 ml 1 M
MgSO4, 0.5 ml 1 M Na pyruvate, 2 ml 1 M glucose, 20 ml 0.1 M taurine
and 1 ml 1 M HEPES ( pH adjusted to 6.9 with NaOH)] at room temperature
(RT) for 30 min. Beating areas were dissociated in buffer including 1 mg/ml
collagenase A (Roche Diagnostics, Basel, Switzerland) at 37°C for 45 min
[12 ml 1 M NaCl, 3 μl 1 M CaCl2, 0.54 ml 1 M KCl, 0.5 ml 1 M MgSO4,
0.5 ml 1 M Na pyruvate, 2 ml 1 M glucose, 20 ml 0.1 M taurine and 1 ml
1 M HEPES ( pH adjusted to 6.9 with NaOH) (all from Sigma Aldrich)] and
washed in KB medium at RT for 1 hour (3 ml 1 M K2HPO4, 8.5 ml 1 M
KCl, 2 mmol/l Na2ATP, 0.5 ml 1 M MgSO4, 0.1 ml 1 M EGTA, 0.5 ml
1 M Na pyruvate, 2 ml 1 M glucose, 5 ml 0.1 M creatine and 20 ml 0.1 M
taurine, pH 7.2) (all from Sigma Aldrich) (20 μl of 1 M glucose was added
per 1 ml of KB-medium before use). Single cells were plated onto 0.1%
gelatin-coated glass coverslips in EB medium, consisting of ko-DMEM
supplemented with 20% fetal bovine serum (FBS) (Biosera, Boussens,
France), 1% NEAA, 2 mM GlutaMax and 50 U/ml penicillin/streptomycin.
In this study, 40–60 day-old hiPSC-CMs were used.

(Millipore), ethanol (EtOH) and dimethyl sulfoxide (DMSO) respectively,
and stored frozen. Cadmium chloride (CdCl2) and barium chloride (BaCl2)
were dissolved in Milli-Q™ water and stored at +4°C. On the day of the
experiments, the drugs were diluted to the final concentration in extracellular
solution. 4-Aminopyridine (4-AP) was dissolved in the extracellular solution
on the day of experiment. Amphotericin-B was first dissolved in DMSO, and
this solution was added to intracellular solution to make final concentration of
0.24 mg/ml.
Simultaneous patch clamp and calcium imaging

Cells on a coverslip were loaded with 4 μM Fluo-4 AM (Thermo Fisher
Scientific) for 30 min in extracellular solution at 37°C. Extracellular
solution was heated to 35-36°C with inline heater SH-27B controlled with
a TC-324B controller unit (Warner Instruments Inc., Hamden, USA).
The perfusion was controlled by a gravity driven VC38 application system
(ALA Scientific Instruments Inc., New York, USA). Patch pipettes (Harvard
Apparatus Ltd, Holliston, USA) were freshly prepared using PC-10
micropipette pullers and flame polished with MF-830 microforge (both
from Narishige Int., Tokyo, Japan). The patch electrodes had tip resistance
of 2.0-3.0 MΩ with intracellular solution. AP recordings and Ca2+ imaging
were performed simultaneously. For patch clamp experiment, perforated
patch using Amphotericin B was performed to record AP in Axon Series
200B patch-clamp amplifier connected to Digidata 1440a AD/DA converter
driven by pCLAMP 10.2 software (all from Molecular Devices LLC, San
Jose, USA). APs were recorded in gap-free mode in the current-clamp from
the spontaneously beating hiPSC-CMs. Current-clamp recordings were
digitally sampled at 20 kHz and filtered at 2 kHz using a low pass Bessel
filter on the recording amplifier. Ca2+ imaging was performed using
ANDOR iXon 885 EM-CCD camera (Andor Technology, Belfast, Northern
Ireland) synchronized with a Polychrome V light source controlled by a real
time control unit. Ca2+ kinetics of spontaneously beating CMs were imaged
with an inverted Olympus IX70 microscope using UApo/340 0.75NA 20×
air objective (Olympus, Tokyo, Japan) and recorded with LiveAcquisition
software (TILL Photonics, Munich, Germany), which was used to control
light source and camera during recording. Fluo-4 was excited at 490 nm
wavelength and the emission was recorded through Olympus U-MF2 Alexa
488 band-pass filter cube (excitation 470-495, emission 525/50 nm). The
sampling interval was 20 ms. The pCLAMP software was configured to
perform the synchronization between patch clamp and Ca2+ imaging system.
When the Ca2+ imaging started, the synchronization pulse (SP) was sent
from the imaging system to patch clamp system, thus SPs were recorded
alongside with APs, and the SP stopped once the Ca2+ imaging stopped
recording. The schematic diagram and video illustrating simultaneous
recordings of patch clamp and CaT is shown in Fig. S3 and Movie 1.

Immunocytochemistry

Chemicals

All the drugs and chemicals for the experiments were purchased from
Sigma-Aldrich unless otherwise specified. Potassium methanesulfonate
(KMeSO4) was ordered from MP Biomedicals (California, USA). Stock
solutions for extracellular solution were prepared in 1 M concentration and
refrigerated until use. Extracellular solution was made freshly by diluting
stock solution (in mM): 143 NaCl, 4.8 KCl, 1.8 CaCl2, 1.2 MgCl2,
5 glucose and 10 HEPES ( pH adjusted to 7.4 with NaOH). Intracellular
solution was made and refrigerated (in mM): 132 KMeSO4, 4 EGTA,
20 KCl, 1 MgCl2 and 1 CaCl2 ( pH adjusted to 7.2 with KOH). E-4031,
nimodipine and chromanol 293B were dissolved in Milli-Q™ water

Voltage clamp

All the voltage clamp experiments were performed at 35-36°C. The
extracellular and intracellular solutions were similar to those used in the
current clamp experiments, with the addition of specific ion channel blockers.
The INa was measured with ramp protocol, with a holding potential (HP) of
−80 mV. First, the cells were depolarized to −120 mV for 50 ms and then
ramped up to 40 mV with rate of 0.53 V/s. The ICa were measured in the
presence of 3 mM 4-AP to block Ito, and an HP of −40 mV. To elicit the Ca2+
current, step-protocol from −60 mV to 70 mV with the step-size of 10 mV was
used. The Ito was measured in the presence of 300 μM CaCl2 to block the Ca2+
current, and HP of −80 mV. Two-step protocol was used: first step was
−50 mV for 50 ms to inactivate sodium channels, then to test potential of
500 ms duration from −50 mV to 70 mV with step-size of 10 mV. The IKr was
measured as 1 μM E4031-sentitive current in the presence of 5 μM nimodipine
and 10 μM chromanol to block ICa and IKs respectively. Using the HP of
−40 mV, step protocol from −20 to 40 mV of 3 s with step size of 20 mV was
used. The IKs was measured as 10 μM chromanol 293B-sentitive current in the
presence of 5 μM nimodipine and 1 μM E-4031 to block ICa and IKr
respectively. Using the HP of −40 mV, step protocol from 0 to 40 mV of 3 s
with step-size of 20 mV was used. The IK1 and If were measured as 2 mM BaCl2
sensitive and insensitive current respectively in the presence of 300 μM CdCl2
and 3 mM 4-AP. From the holding potential of −40 mV, test potential from
−140 mV to 0 mV with duration of 700 ms and step-size of 10 mV was used.
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Cardiomyocytes were dissociated onto 12 mm diameter coverslips. After
7 days, CMs were fixed with 4% paraformaldehyde (Sigma-Aldrich) and
stained with cTnT (1:500; Abcam), ICa,L (CaV1.2, 1:500; Alomone labs,
Jerusalem, Israel) and RyR2 (1:200; Alomone labs) primary antibodies. The
secondary antibodies were Alexa-Fluor-488-anti-goat-IgG, Alexa-Fluor568-anti-rabbit-IgG (1:800) (all three from Thermo Fisher Scientific). Cells
were mounted with Vectashield (Vector Laboratories, Burlingame, USA)
containing DAPI for staining nuclei. The z-stack images were captured with
Nikon A1 confocal laser-scanning microscope (Nikon, Tokyo, Japan) using
60× oil immersion objectives (N.A.=1.4, Nikon). The images were further
processed using ImageJ (1.51 g; NIH) and Adobe Photoshop CC 2017.
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Data analysis and statistics

Funding

Recorded APs were analyzed with OriginTM 9.1 (OriginLab Corp.,
Northampton, USA) to extract APD50 and APD90. Voltage clamp data
were analyzed using Clampfit software version 10.5 (Molecular Devices
LLC). For Ca2+ imaging analysis, a whole cell region of interest (ROI) was
drawn. Acquired signal was normalized as ΔF/F0 using LiveAcquisition
software (TILL Photonics). The Ca2+ traces were analyzed with Clampfit
software to extract Ca2+ transient at 50% and 90% of repolarization
(CaT50 and CaT90), and time-to-peak (time taken for CaT to reach its
peak intensity). Each AP parameter was compared with its corresponding
CaT parameter. Data from both hiPSC lines were combined. The hiPSCCMs were categorized as ventricular-like and atrial-like CMs when
they showed APD90/APD50<1.3 and APA>80mV; and APD90/
APD50>1.35, respectively. Similarly, hiPSC-CMs were categorized as
nodal-like CMs when they showed APD90/APD50>1.3 and APA<80mV
with slower dV/dt. To check the correlation between two parameters,
Pearson’s correlation test was used. Differences between two groups
were evaluated with student’s unpaired t-test (two-tail). In this study,
‘N’ represents number of cells whereas ‘n’ represents number of AP or CaT
used. P<0.05 was considered as statistically significant. Data is presented as
mean±standard error of mean (s.e.m.).

This work was supported by the Academy of Finland, Finnish Cultural Foundation,
Finnish Foundation for Cardiovascular Research, the Finnish Funding Agency for
Technology and Innovation (TEKES) and Paavo Nurmi Foundation.

This study demonstrates the interrelation between CaT and Vm in
hiPSC-CMs both during normal regular beating and in arrhythmic
conditions. The simultaneous recording of Vm and CaT allows us
to study the intracellular Ca2+ dynamics with respect to changes
in Vm and vice versa. These experiments and models could be
very helpful in understanding the correlation between Vm and
CaT in more detail. Furthermore, hiPSC-CMs provide a safe
and powerful tool to study the cardiac physiology and
pathophysiology in vitro.
Study limitation

Although hiPSC-CMs offer a robust platform for in vitro modeling
of various genetic cardiac diseases, they have potential limitations
because of their intrinsic differences compared to adult CMs.
Some of the main ways that they do not fully resemble adult CMs
are the lack of t-tubules and low expression of IK1. Furthermore,
the majority of hiPSC-CMs differentiate into ventricular-like
cardiomyocytes with our differentiation protocol, thus only
limited atrial-like and nodal-like hiPSC-CMs are obtained. This
hinders the ability to study the correlation between Vm and CaT in
atrial and nodal cardiomycoytes. In addition, technical limitations
exist in our measurement. During an AP measurement, the
sampling rate was 20 kHz, which is enough to measure small
changes in Vm. However, the frame-recording interval of 20 ms in
Ca2+ imaging is not fast enough to capture small intracellular
dynamics, especially during phase 0 of AP.
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(2015). Distinct electrophysiological and mechanical beating phenotypes of long
QT syndrome type 1-specific cardiomyocytes carrying different mutations.
Int. J. Cardiol. Heart Vasc. 8, 19-31.
Ko, C. Y., Liu, M. B., Song, Z., Qu, Z. and Weiss, J. N. (2017). Multiscale
determinants of delayed afterdepolarization amplitude in cardiac tissue. Biophys.
J. 112, 1949-1961.
Kong, W. and Fast, V. G. (2014). The role of dye affinity in optical measurements of
Ca(i)(2+) transients in cardiac muscle. Am. J. Physiol. Heart Circ. Physiol. 307,
H73-H79.
Kujala, K., Paavola, J., Lahti, A., Larsson, K., Pekkanen-Mattila, M., Viitasalo,
M., Lahtinen, A. M., Toivonen, L., Kontula, K., Swan, H. et al. (2012). Cell model
of catecholaminergic polymorphic ventricular tachycardia reveals early and
delayed afterdepolarizations. PLoS ONE 7, e44660.
Kuusela, J., Larsson, K., Shah, D., Prajapati, C. and Aalto-Setä lä , K. (2017). Low
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Antiarrhythmic effects of carvedilol and flecainide in cardiomyocytes derived
from catecholaminergic polymorphic ventricular tachycardia patients. Stem Cells
Int. 2018, 9109503.
Prajapati, C., Ojala, M. and Aalto-Setala, K. (2018). Divergent effect of adrenaline
in human induced pluripotent stem cell derived cardiomyocytes obtained from
hypertrophic cardiomyopathy. Dis. Model. Mech. 11.
Sato, D., Bartos, D. C., Ginsburg, K. S., Bers, D. M. (2014). Depolarization of
Cardiac Membrane Potential Synchronizes Calcium Sparks and Waves in Tissue.
Biophysical Journal 107, 1313-1317.
Schlotthauer, K. and Bers, D. M. (2000). Sarcoplasmic reticulum Ca2+ release
causes myocyte depolarization. Circ. Res. 87, 774.
Spencer, C., Baba, S., Nakamura, K., Hua, E. A., Sears, M. A. F., Fu, C.-C.,
Zhang, J., Balijepalli, S., Tomoda, K., Hayashi, Y. et al. (2014). Calcium
transients closely reflect prolonged action potentials in iPSC models of inherited
cardiac arrhythmia. Stem Cell Reports 3, 269-281.
Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K. and
Yamanaka, S. (2007). Induction of pluripotent stem cells from adult human
fibroblasts by defined factors. Cell 131, 861-872.
Verkerk, A. O., Veldkamp, M. W., Bouman, L. N. and Van Ginneken, A. C. G.
(2000). Calcium-activated Cl- current contributes to delayed afterdepolarizations
in single purkinje and ventricular myocytes. Circulation 101, 2639.
Volders, P. G. A., Kulcsar, A., Vos, M. A., Sipido, K. R., Wellens, H. J. J., Lazzara,
R. and Szabo, B. (1997). Similarities between early and delayed
afterdepolarizations induced by isoproterenol in canine ventricular myocytes1.
Cardiovasc. Res. 34, 348-359.
Volders, P. G. A., Vos, M. A., Szabo, B., Sipido, K. R., De GROOT, S. H. M.,
Gorgels, A. P. M., Wellens, H. J. J. and Lazzara, R. (2000). Progress in the
understanding of cardiac early afterdepolarizations and torsades de pointes: time
to revise current concepts. Cardiovasc. Res. 46, 376-392.
Wu, S., Weiss, J. N., Chou, C., Attin, M., Hayashi, H. and Lin, S. (2005).
Dissociation of membrane potential and intracellular calcium during ventricular
fibrillation. J. Cardiovasc. Electrophysiol. 16, 186-192.

Biology Open

Lee, S., Lee, H., Choi, S. W., Kim, S. J. and Kim, K. (2016). Evaluation of
Nefazodone-Induced Cardiotoxicity in Human Induced Pluripotent Stem CellDerived Cardiomyocytes. Toxicology and Applied Pharmacology 296, 42-53.
Liang, P., Lan, F., Lee, A. S., Gong, T., Sanchez-Freire, V., Wang, Y., Diecke, S.,
Sallam, K., Knowles, J. W., Wang, P. J. et al. (2013). Drug screening using a
library of human induced pluripotent stem cell-derived cardiomyocytes reveals
disease specific patterns of cardiotoxicity. Circulation 127, 1677-1691.
Ma, D., Wei, H., Lu, J., Huang, D., Liu, Z., Loh, L. J., Islam, O., Liew, R., Shim, W.
and Cook, S. A. (2015). Characterization of a novel KCNQ1 mutation for type 1
long QT syndrome and assessment of the therapeutic potential of a novel IKs
activator using patient-specific induced pluripotent stem cell-derived
cardiomyocytes. Stem Cell Res. Ther. 6, 39.
Maruyama, M., Xiao, J., Zhou, Q., Vembaiyan, K., Chua, S., Rubart-Von, D. L.,
Lin, S., Back, T. G., Chen, S. W. and Chen, P. (2012). Carvedilol analogue
inhibits triggered activities evoked by both early and delayed afterdepolarizations.
Heart Rhythm 10, 101-107.
Mitsunori, M., Boyoung, J., Liang, T., Tetsuji, S., Young-Keun, O., Seongwook,
H., Eue-Keun, C., Dae-Hyeok, K., Shen, M. J., Weiss, J. N. et al. (2009).
Diastolic intracellular calcium-membrane voltage coupling gain and postshock
arrhythmias: role of purkinje fibers and triggered activity. Circ. Res. 106, 399-408.
Mummery, C., Ward-Van OOSTWAARD, D., Doevendans, P., Spijker, R., Van,
D. B., Hassink, R., Van, D. H., Opthof, T., Pera, M., De, L. R. et al. (2003).
Differentiation of human embryonic stem cells to cardiomyocytes. Circulation 107,
2733.
Ojala, M., Rajala, K., Pekkanen-Mattila, M., Miettinen, M., Huhtala, H. and AaltoSetä lä , K. (2012). Culture conditions affect cardiac differentiation potential of
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Figure S1: Current-voltage (I-V) relationship of different voltage-gated ionic channels. I-V curve of
(A) sodium current (INa) density (B) transient outward potassium current (I to) density (C) calcium
current (ICa) density (D) rapid rectifier potassium current (IKr) density (E) slow rectifier potassium
current (IKs) density (F) inward rectifier potassium current (IK1) density (G) funny current (If) density.
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Figure S2: Characteristics of DADs in hiPSC-CMs. (A) Action potentials exhibiting DADs without
corresponding change in CaT. (Action potential amplitudes and CaT amplitudes were normalized to
1.5 and 1 respectively) (B) The relationship between the percentage of DAD amplitude and
percentage of CaT amplitude (r2=0.2, P=0.01, Pearson’s correlation test; n=33) (C) Average amplitude
of DADs observed in both Vm and CaT (n=33), and only observed in V m (n=26). (10.4 ± 0.6 mV
versus 6.5 ± 0.5 mV; P < 0.0001, student t-test (two-tailed))
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Figure S3: Patch clamp system synchronized with imaging system. Fluo-4 loaded hiPSC-CMs were
continuously bath with extracellular solution. Action potentials are continuously recorded by patch
clamp system. Once the calcium transients recording starts, imaging system send synchronization
pulses to patch clamp system. Synchronization pulses are halted when the calcium recording stop.
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Live imaging of spontaneously beating hiPSC-CMs. hiPSC-CMs were loaded with Fluo-4. Patch clamp
system record action potential and calcium imaging record intracellular calcium transient
simultaneously.
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