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Abstract 

The hERG potassium channel encoded by the ether-a-go-go-related gene (hERG) is 

essential for ventricular repolarization. These channels have a distinctive kinetic profile 

in that they conduct a modest current during the plateau phase, attain their maximum 

conductance during phase 3 of cardiac repolarization, and then close slowly. Due to 

acquired or hereditary conditions, dysfunction of these channels reduces hERG currents, 

prolongs action potential length (as shown by a prolonged QT interval), and predisposes 

individuals to potentially fatal ventricular arrhythmias. This-relationship between hERG 

dysfunction and QT prolongation (Long QT Syndrome, LQTS) has sparked interest in 

the role of hERG channels in phase 3 repolarization and arrhythmia generation and the 

possibility that small molecules hERG agonists may be utilized to restore function. A 

series of small molecules have been found and classified according to their mode of 

action. In vitro and in vivo investigations have shown that Type 2 activators that enhance 

hERG currents by decreasing channel inactivation, risk over-correction of the action 

potential and Short QT Syndrome. Type 1 activators, which preferentially slow the 

deactivation of hERG channels, on the other hand, may provide a more subtle 

restoration of hERG currents. A few studies have postulated that the slow deactivation of 

hERG channels may suppress triggered activity by allowing protective repolarizing 

current flow in response to premature depolarizations arriving in the refractory period. 

However, there are no direct experimental correlations between these protective hERG 

currents and ventricular arrhythmia, or the effects of manipulation of deactivation by 

Type 1 hERG activators. In my thesis, I examine the role of hERG protective currents 

and the use of a hERG Type 1 activator as a mechanism based therapy for both 

acquired and inherited forms of LQTS. Using a translational approach ranging in 

complexity from single cells to the entire organ these studies aim to provide improved 

understanding of the pathogenic mechanisms associated with hERG channel 

dysfunction and the effect of targeted slowing of hERG deactivation in suppressing 

arrhythmias. 

Keywords:  hERG; cardiac arrhythmias; hiPSC-CMs; LQTS2; hERG activators; 

acquired LQTS 



v 

Dedication 

‘’  ೕ ೕಭವ’’ 

(Revere your mother as God) 

This PhD thesis is dedicated to my beloved mother 
Venkatamma. 



vi 

Acknowledgements 

I will never forget the day I boarded my very first flight and landed in a foreign 

nation to begin my PhD journey with a fresh perspective and high expectations. This has 

been a wonderful opportunity for me and a defining moment in my life. Getting to this 

point in my PhD path would not have been possible without the help of many people, 

and I am very grateful to them all. 

My mother, Venkatamma, is the first person I want to thank. I wouldn't be where I 

am today without her hard work and perseverance. She also gave me my wonderful 

brother, Sunil, who has been my backbone throughout my life. This journey would not 

have been possible without the love and encouragement of my wonderful wife, Ramya 

Shree, and our adorable son, Devvrath. My in-laws, Dr. Chanderashekar and Nirmala, 

have been tremendously helpful and encouraging, and I am grateful to them. 

I learned that a "guru" is someone who "helps you reach your goals" in my native 

language. In this regard, I'd like to express my gratitude to Dr. Thomas Claydon, my 

senior supervisor. Having him as a mentor has been invaluable in helping me realize not 

only my scientific ambitions but also my own personal objectives. His guidance shaped 

me as a researcher and encouraged me to aim high. His advice was crucial in 

developing my skills as a researcher and a leader, and its effects will endure a lifetime. 

Dr. Glen Tibbits's dedication to science is a source of great motivation for me. I am 

extremely grateful for his assistance throughout my doctoral studies. With his 

assistance, I got access to some of the most advanced technology in our field, including 

the automated patch clamp system and 3D bioprinting. I'd like to express my 

appreciation to Dr. Peter Ruben for always having my back and providing me with 

opportunities. His constructive comments about my work were vital to meeting my PhD 

goals. 

I wanted to be a scientist ever since I was in fifth grade, and my teachers were 

instrumental in helping me realize that goal. A particular thanks goes out to Mrs. Prema, 

whose encouragement and gift of a microscope have been invaluable to me. To the late 

Dr. G. M. Nijaguna, whose influence on my professional development was 

immeasurable, I offer my deepest thanks. Without the help of Dr. Manjunath Ramarao, 



vii 

my PhD journey would not have been possible. I've always looked up to him as a source 

of motivation and inspiration. 

It is often said that without great friends, life's journey is incomplete. I am grateful 

to Chitti Babu and Manjunath R for their help and support throughout my academic 

career. During the course of my PhD studies, I've had the good fortune to make some 

new, fantastic friends. Throughout this journey, Dr. Samrat Thouta, Shalini, and Dr. 

Mohamed Fouda provided me with invaluable assistance and direction. Dr. Mohammad 

Reza Ghovanloo and Kyle Simpson, who have supported me through the ups and 

downs of my PhD journey, are two of the most incredible people I have ever met. Dr. 

Eric Lin was instrumental in helping me build some of the skills required for my doctoral 

work. His assistance has been priceless and has enabled me to make substantial 

progress and achieve my PhD objectives. Dr. Diana Hunter's assistance in developing 

stem cell lines for my research was crucial. I am grateful to her for assisting me with the 

lab work and guiding other undergraduates in conducting some of the experiments for 

my project. Dr. Padmapriya Muralidharan has been a wonderful co-worker, and I 

appreciate all she has done to help me with my PhD studies. I want to thank Apurva S 

Gangrade for her invaluable support during my PhD. Ningning Cheung, Shawn Liu, 

Jacob M. Kemp, Shoaib Faizi, Galvin Huen, Nseem Givzad, Dana Page, and Haruyo 

Kashihara are just a few of the lovely folks I've had the pleasure of meeting here at the 

Molecular Cardiac Physiology Group (MCPG) and BPK department. Thank you to 

everyone in the BPK MCPG for making my time as a doctoral student so enjoyable. 



viii 

Table of Contents 

Declaration of Committee ................................................................................................ ii
Ethics Statement ............................................................................................................ iii
Abstract .......................................................................................................................... iv
Dedication ....................................................................................................................... v
Acknowledgements ........................................................................................................ vi
Table of Contents .......................................................................................................... viii
List of Tables ................................................................................................................. xii
List of Figures................................................................................................................ xiii
List of Acronyms ........................................................................................................... xvi

Chapter 1. Introduction ............................................................................................ 1
1.1. The human heart and its electrical activity ............................................................. 1
1.2. The Long QT Syndrome (LQTS) ............................................................................ 5
1.3. The hERG potassium channel ............................................................................... 7

1.3.1. Structure .................................................................................................. 8
1.3.2. Activation ................................................................................................. 9
1.3.3. Inactivation ............................................................................................. 10
1.3.4. Deactivation ........................................................................................... 11

1.4. hERG dysfunction and Long QT Syndrome ......................................................... 12
1.5. Current clinical management of LQTS ................................................................. 14
1.6. Mechanism based therapy for LQTS ................................................................... 16
1.7. hERG protective currents and their antiarrhythmic role ........................................ 18
1.8. hERG activators: a novel group of targeted antiarrhythmic therapeutics .............. 20
1.9. CRISPR-Cas9 gene editing in human stem cell-derived cardiomyocytes to model 

LQTS ................................................................................................................... 27
1.10. Zebrafish (Danio rerio) hearts as a whole organ model ....................................... 32
1.11. A translational approach: From the complexity of the individual cell to that of the 

entire organ ......................................................................................................... 37

Chapter 2. Electrophysiological characterization of the hERG R56Q LQTS 
variant and targeted rescue by the activator RPR260243 ............................... 40

2.1. Abstract ............................................................................................................... 40
2.2. Introduction .......................................................................................................... 41
2.3. Materials and methods ........................................................................................ 43

2.3.1. Molecular biology ................................................................................... 43
2.3.2. hERG channel expression in Xenopus oocytes ...................................... 43
2.3.3. hERG channel expression in HEK cells .................................................. 44
2.3.4. Voltage protocols and data analysis ....................................................... 45

2.4. Statistical analysis ............................................................................................... 47
2.5. Mathematical model ............................................................................................ 47

2.5.1. Parameter inference ............................................................................... 49
2.5.2. Whole-cell human ventricular action potential modeling ......................... 50

2.6. Results ................................................................................................................ 50



ix 

2.6.1. Pharmacological slowing of deactivation kinetics rescues attenuated 
protective currents in response to premature depolarizations ................. 50

2.6.2. RPR260243 restores attenuated early transient hERG channel currents 
during action potential waveforms with little effect on resurgent current . 59

2.6.3. Rapid characterization of R56Q kinetics using a short voltage protocol .. 64
2.7. Discussion ........................................................................................................... 71

2.7.1. RPR260243 selectively increases refractoriness and protection against 
premature depolarization ........................................................................ 72

2.7.2. Pathogenicity of the R56Q mutation associated with reduced protection 
against premature depolarizations is rescued by RPR260243 ................ 74

2.7.3. Mathematical model of hERG kinetics predicts protection from 
arrhythmogenicity by RPR260243 .......................................................... 77

2.8. Acknowledgments ............................................................................................... 79

Chapter 3. The hERG R56Q+/- LQTS-associated variant increases propensity for 
premature depolarizations and electrical instability in hiPSC-CMs that is 
reversed by the hERG activator, RPR260243 .................................................. 81

3.1. Abstract ............................................................................................................... 81
3.2. Introduction .......................................................................................................... 82
3.3. Materials and Methods ........................................................................................ 84

3.3.1. hiPSC culture ......................................................................................... 84
3.3.2. Generation of gene-edited cell lines ....................................................... 85
3.3.3. Directed differentiation of hiPSCs to cardiomyocytes ............................. 86
3.3.4. Cellular phenotyping of hiPSC-CM clones .............................................. 87
3.3.5. Electrophysiology ................................................................................... 87

Voltage clamp experiments ................................................................................. 88
Current clamp experiments ................................................................................. 90
Intrinsic action potential recording ....................................................................... 90
Current threshold determination .......................................................................... 97
Execution of standard S1-S2 paired stimuli, and dynamic cycle length change 

stimulation protocols ....................................................................................... 98
Limitations of the protocols ................................................................................ 100

3.4. Data analysis and statistics ............................................................................... 101
3.5. Results .............................................................................................................. 103

3.5.1. Generation of isogenic WT sham and hERG R56Q hiPSC-CM lines .... 103
hiPSC-CMs harbouring the CRISPR-edited hERG R56Q variant display rapidly 

deactivating IKr that is slowed by the hERG activator, RPR260243 ....... 104
3.5.2. Effect of the hERG R56Q variant and channel activator, RPR260243, on 

action potential characteristics in hiPSC-CMs ...................................... 105
3.5.3. Effects of the R56Q variant and RPR260243 on the ventricular response 

to short-coupled premature stimulations in hiPSC-CMs ........................ 108
3.5.4. The R56Q variant and RPR260243 application affect the membrane 

response to premature depolarizations ................................................ 111
3.5.5. Effects of the hERG R56Q variant and RPR260243 on action potential 

adaptation to dynamic rate changes in hiPSC-CMs .............................. 114
3.5.6. Heterogeneity of hERG R56Q ventricular cell electrical activity ............ 120

3.6. Discussion ......................................................................................................... 122



x 

3.6.1. An hiPSC-CM model to test the consequences of targeted manipulation 
of hERG channel deactivation gating ................................................... 122

3.6.2. Steady-state action potential responses ............................................... 123
3.6.3. Electrical restitution properties in hiPSC-CMs ...................................... 123
3.6.4. Facilitated excitability and encroachment ............................................. 125
3.6.5. Beat-to-beat variability during constant pacing and rate-transition variance

 ............................................................................................................. 126
3.6.6. A proposed mechanism for hERG R56Q-induced arrhythmogenicity and 

the antiarrhythmic action of the RPR260243 hERG activator ............... 127
3.7. Limitations ......................................................................................................... 129
3.8. Acknowledgements ........................................................................................... 131

Chapter 4. Investigating the  the antiarrhythmic effect of the hERG activator, 
RPR260243, in a whole heart organ model of aLQTS ................................... 132

4.1. Abstract ............................................................................................................. 132
4.2. Introduction ........................................................................................................ 133
4.3. Materials and Methods ...................................................................................... 135

4.3.1. hERG channel expression in Xenopus laevis oocytes .......................... 135
4.3.2. Zebrafish Husbandry and heart isolation .............................................. 135
4.3.3. Optical Mapping ................................................................................... 135

Establishment of a modified S1 pulse train ....................................................... 136
Determination of S1 voltage threshold .............................................................. 137

4.3.4. Sharp electrode electrophysiology ....................................................... 139
Recording setup ................................................................................................ 139
Action potential recording procedure ................................................................. 140
Steps to record intrinsic action potentials from the zebrafish whole heart ........ 141

4.4. Data Analysis .................................................................................................... 143
4.5. Statistical analysis ............................................................................................. 144
4.6. Results .............................................................................................................. 144

4.6.1. RPR260243 shortens the zebrafish action potential duration and reduces 
triangulation. ........................................................................................ 144

4.6.2. RPR260243 improves APD rate-adaptation ......................................... 146
4.6.3. RPR260243 prolongs the post-repolarization refractory period ............ 148
4.6.4. RPR260243 enhances hERG channel protective current ..................... 149
4.6.5. RPR260243 rescue of hERG protective currents increases post-

repolarization refractoriness ................................................................. 151
4.6.6. RPR260243 protects against arrhythmia caused by IKr inhibition .......... 153

4.7. Discussion ......................................................................................................... 155
4.8. Acknowledgements ........................................................................................... 160

Chapter 5. The hERG activator, RPR260243, suppresses pause-induced 
arrhythmias and improves dynamic rate adaptation in a zebrafish whole-
organ model of acquired LQTS ...................................................................... 161

5.1. Introduction ........................................................................................................ 161
5.2. Material and Method .......................................................................................... 166

5.2.1. Sharp electrode electrophysiology ....................................................... 166



xi 
 

The programmed stimulation and sharp electrode recording setup .................. 166
Stimulation and blanking electrical connections ................................................ 168
Preparation of ex-vivo hearts ............................................................................ 168
Electrical pacing of zebrafish hearts .................................................................. 170

5.3. Preliminary Results ............................................................................................ 173
5.3.1. Advantages to the simultaneous recording of action potentials and 

ventricular ECG .................................................................................... 174
5.3.2. Assessment of dynamic rate adaptation ............................................... 176
5.3.3. Assessment of action potential responses to abrupt pauses ................ 178
5.3.4. Discussion ............................................................................................ 181

Chapter 6. Discussion and future directions ...................................................... 182
6.1.1. RPR260243 prevents premature action potential firing by enhancing the 

hERG protective in hERG56Q .............................................................. 182
6.1.2. Heterogeneity in hiPSC-CMs APD dynamics underlies the 

arrhythmogenicity in hERG R56Q variant and RPR260243 selectively 
slows the deactivation of IKr to mitigate this effect ................................. 184

6.1.3. RPR260243 suppresses arrhythmia markers in an aLQTS whole heart 
organ model. ........................................................................................ 187

6.1.4. Future directions .................................................................................. 189

References ................................................................................................................. 195
 



xii 
 

List of Tables 

Table 1-1.  List of small molecule hERG activators, including their selectivity and the 
models used to investigate their effects. ................................................. 21

Table 1-2.  List of hERG small molecule activators that have been evaluated in single 
cell and monolayer cultures of hiPSC-CMs and their effects. ................. 31

Table 2-1 
 ............................. 53

Table 2-2  A summary of inferred parameter values from the mathematical IKr 
model .................................................................................................... 67

Table 3-1. Steady state action potential characteristics. .............................................. 107
Table 3-2. Electrical restitution curve properties. ......................................................... 108
Table 3-3. Poincare SD1 values of beat-to-beat APD90 variability. ............................... 120
Table 3-4. Biomarkers of arrhythmogenicity in hERG R56Q cells. ............................... 121

 



xiii 
 

List of Figures 

Figure 1-1. Electrical activity in the myocardium. ............................................................. 2
Figure 1-2. Normal physiolocal ECG with correlating action potential and ionic currents. 3
Figure 1-3. Structure of different cardiac potassium channel species: ............................. 5
Figure 1-4. The effect of major Long QT Syndrome-causing genes. ................................ 6
Figure 1-5. Cartoon depiction of the hERG1a gene, the hERG1a subunit, and the 

kinetics. .................................................................................................... 9
Figure 1-6. Cartoon description of the IKr current, ventricular action potential, and QT 

interval in both normal and pathological conditions. ............................... 14
Figure 1-7. Normal ventricular action potentials and early afterdepolarizations. ............ 18
Figure 1-8. hERG protective currents recorded in response to premature stimulation. .. 19
Figure 1-9. Representation of the overcorrection effect of Type 2 activators on APD and 

FPD. ....................................................................................................... 26
Figure 1-10. The decrease in APD90 and FPD from baseline as a result of hERG agonist 

application reported in studies using hiPSC-CMs. .................................. 32
Figure 1-11. Representative zebrafish ECG, ventrciular action potential and human 

ventrciular actionan. ............................................................................... 33
Figure 1-12. The translational strategies used in this thesis. ......................................... 39
Figure 2-1  PR260243 (RPR) slows deactivation kinetics in WT and R56Q LQTS2-

associated mutant channels in a concentration-dependent manner. ...... 52
Figure 2-2 Effects of RPR260243 (RPR) on biophysical properties of WT and R56Q 

mutant hERG channels. ......................................................................... 54
Figure 2-3 hERG protective current is increased by RPR260243 (RPR) in a 

concentrationdependent manner ............................................................ 56
Figure 2-4. RPR260243 (RPR) restores attenuated protective current in R56Q mutant 

channels................................................................................................. 58
Figure 2-5 RPR260243 (RPR) increases early transient hERG channel current during 

action potential voltage waveforms......................................................... 60
Figure 2-6 RPR260243 (RPR) restores reduced early transient hERG current in R56Q 

mutant channels. .................................................................................... 61
Figure 2-7 RPR260243 (RPR) enhances attenuated protective repolarizing hERG 

current in R56Q mutant channels. .......................................................... 63
Figure 2-8 Electrophysiological voltage waveform protocols used to characterize hERG 

channel ionic current kinetics. ................................................................ 65
Figure 2-9 Model structure, calibration, and parameters. ............................................... 66
Figure 2-10 Testing model predictions for activation properties. .................................... 68
Figure 2-11  Testing model predictions for inactivation properties. ................................ 69
Figure 2-12 Testing model predictions for currents during a complex action potential 

waveform voltage protocol. .................................................................... 70
Figure 2-13 Model predictions for effects of R56Q and RPR260243 on action potential 

characteristics. ....................................................................................... 71



xiv 
 

Figure 3-1. Representative intrinsic action potential recording from a single beating 
hiPSC-CM. ............................................................................................. 89

Figure 3-2. Steps for the voltage clamp experiment to record IKr current from a single 
hiPSC-CM. ............................................................................................. 89

Figure 3-3. The configuration of a perforated patch and the steps involved in the 
successful formation of a patch. ............................................................. 91

Figure 3-4. Field stimulation setup. ................................................................................ 93
Figure 3-5. Custom recording chamber with stimulation electrodes. .............................. 93
Figure 3-6. Single cell stimulation connections and the recording chamber. .................. 95
Figure 3-7. Stimulated action potential and blanking. .................................................... 96
Figure 3-8. Stimulation protocol designing in the Clampex software. ............................. 96
Figure 3-9 Entrainment of cells using programmed stimulation. .................................... 97
Figure 3-10. Effect of stimulation on the action potential morphology. ........................... 98
Figure 3-11. Standard S1-S2 stimulation (SERC) paradigm and the recorded membrane 

responses. ............................................................................................. 99
Figure 3-12. Membrane responses to dynamic pacing (DERC) stimulation. ................ 100
Figure 3-13. Membrane responses to dynamic pacing (DERC) stimulation. ................ 100
Figure 3-14. Action potential analysis. ......................................................................... 102
Figure 3-15. Generation of the heterozygous hERG R56Q variant in hiPSCs and their 

differentiation into cardiomyocytes. ...................................................... 103
Figure 3-16. Effect of the hERG R56Q variant and RPR260243 on IKr in hiPSC-CMs. 105
Figure 3-17. Steady-state action potential properties. .................................................. 106
Figure 3-18. Standard action potential restitution properties of hiPSC-CMs. ............... 110
Figure 3-19.The earliest captured ventricular responses during close-coupled S1-S2 

stimulation. ........................................................................................... 112
Figure 3-20. Post-repolarization refractory period (PRRP) and the ERP/APD90 ratio. . 113
Figure 3-21. Action potential restitution properties of hiPSC-CMs during dynamic rate 

changes. .............................................................................................. 115
Figure 3-22. APD90 adaptation to abrupt rate transitions. ........................................... 117
Figure 3-23. Beat-to-beat variability of APD90 in hiPSC-CMs during constant pacing. . 119
Figure 3-24. ERP/APD90 ratio-based arrhythmogenic indicators. ................................. 121
Figure 4-1. Changes in APD90 with S1 steady state pacing. ........................................ 137
Figure 4-2.  S1 voltage threshold at pH 7.4 and pH 6.5. .............................................. 138
Figure 4-3 Sharp electrode recording setup ................................................................ 140
Figure 4-4. Optimization of sharp electrode resistance ................................................ 141
Figure 4-5. RPR260243 prevents arrhythmic ventricular action potential firing induced by 

IKr inhibition .......................................................................................... 143
Figure 4-6. RPR260243 abbreviates zebrafish ventricular APD and reduces triangulation

 ............................................................................................................. 146
Figure 4-7. RPR260243 enhances rate adaptation of APD ......................................... 148



xv 
 

Figure 4-8. RPR260243 increases the post-repolarization refractory period in zebrafish 
hearts ................................................................................................... 149

Figure 4-9. RPR260243 enhances hERG protective currents ...................................... 150
Figure 4-10. RPR260243 rescues post-repolarization refractoriness and APD during 

acidosis ................................................................................................ 152
Figure 4-11. RPR260243 prevents arrhythmic ventricular action potential firing induced 

by IKr inhibition ...................................................................................... 154
Figure 5-1. A prolonged APD due to decreased IKr predisposes patients to TdP. ......... 163
Figure 5-2. The setup for sharp electrode recording and electrical stimulation of 

zebrafish hearts.................................................................................... 167
Figure 5-3. Custom built stimulation artifact blanking unit. ........................................... 168
Figure 5-4. Example recording of intrinsic zebrafish ventricular action potential firing. . 170
Figure 5-5. Example of biphasic stimulation pulses. .................................................... 170
Figure 5-6. The pause protocols. ................................................................................. 171
Figure 5-7. The dynamic protocol. ............................................................................... 172
Figure 5-8. The experimental setup for simultaneous recording of action potentials and 

ECG from the zebrafish ventricle. ......................................................... 172
Figure 5-9. A magnified view of the simultaneous action potential and ECG recording 

setup. ................................................................................................... 173
Figure 5-10. Representative recording demonstrating the simultaneous measurement of 

ventricular action potentials and ECG. ................................................. 174
Figure 5-11. Representative intrinsic recordings showing simultaneous action potentials 

and ECG recording of EADs................................................................. 176
Figure 5-12. Assessment of dynamic rate adaptation. ................................................. 177
Figure 5-13. Assessment of ventricular action potential responses to abrupt pauses .. 179
Figure 5-14. The response of ventricular APD90 following a pause. ............................. 180
Figure 5-15. Representative action potentials recorded before and after a 2 s pause. . 180
Figure 6-1. The summary of key findings from studies conducted using heterologous 

expression system. .............................................................................. 183
Figure 6-2. A summary of the key findings from studies using hiPSC-CMs. ................ 186
Figure 6-3. Summary of the whole oragn model studies. ............................................. 188

 

 



xvi 
 

List of Acronyms 

APD Action Potential Duration 

AP Action Potential 

aLQTS Acquired Long QT Syndrome 

Cav Voltage gated calcium channels 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

CHO Chinese Hamster Ovary 

CV Conduction Velocity  

cNBHD Cyclic Nucleotide Binding Homology Domain 

DERC Dynamic Electrical Restitution Curve 

DAD Delay-after Depolarization 

EAD Early-after depolarization 

ERP Effective Refractory Period 

ECG Electrocardiogram 

FPD Field Potential Duration 

hiPSC-CMs Human Induced Pluripotent Stem Cell Derived Cardiomyocytes 

HEK Human Embryonic Kendy 

HR Heart Rate 

hERG Human-ether-à-go-go 

IKr Rapidly delayed rectifier potassium current 

IKs Slow delayed rectifier potassium current 

LQTS Long QT Syndrome 

LQTS2 Long QT Syndrome Type 2 

MEA Multi Electrode Array  

Nav Voltage-gated Sodium Channel 

NCX Sodium Calcium Exchanger 

ND96 Extracellular recording solution 

PAS Per-Arnt-Sim 

PD Pore Domain 

PRRP Post Refractory Repolarization Period 



xvii 
 

PCR Polymerase Chain Reaction 

QTc Heart Rate-corrected QT Interval 

RH 237 N-(4-Sulfobutyl)-4-(6-(4-(Dibutylamino) phenyl) hexatrienyl) 
Pyridinium 

SEM Standard Error of the Mean 

SERC Standard Electrical Restitution Curve 

TEVC Two-electrode Voltage-Clamp 

TdP Torsades de Pointes 

VSD Voltage Sensing Domain 

WT Wild Type 

TWA T wave alternans 

 



1 
 

Chapter 1. Introduction 

1.1. The human heart and its electrical activity  

The heart is a muscular organ that aids in circulation of the blood in the body. 

The heart has four main chambers, the lower chambers are called ventricles, and the 

upper chambers are called atria, and each has a distinct task. The heart is shielded by a 

tough membrane sac called the pericardium. The heart wall is composed of three 

different layers, which are, from inner to outer, the endocardium, midmyocardium, and 

epicardium (Figure 1-1). Most of the heart is made up of the myocardium, also known as 

the cardiac muscle and there is a thin layer of epithelium and connective tissue around 

the myocardium. The heart can contract when there is no outside signal because of the 

presence of specialized cells in the sinoatrial (SA) node known as 

autorhythmic/pacemaker cells (Figure 1-1). The electrical signals generated at the SA 

node of the heart, travel through the atrial chambers before being propagated to the 

ventricles via atrioventricular (AV) nodal cells and along a special conducting pathway 

made up of the bundle of His, the bundle branches, and the Purkinje fibres (Figure 1-1). 

The electrical impulse then travels along the walls of the ventricle. The transmission of 

the electrical signal and the mechanical activity of the myocardium relies on intercellular 

electrical coupling mediated by gap junction proteins (Sáez et al., 2003). The electrical 

activity of the heart as a whole can be recorded using surface contact electrodes, and 

the resulting wave pattern is known as cardiac electrocardiogram (ECG). The ECG is 

labelled as P, Q, R, S, and T waves, each of which corresponds to a specific event in the 

sequence of cardiac depolarization and repolarization (Figure 1-1) (Nerbonne et al., 

2005). The P wave reflects electrical activity in the atrial chambers, while the QRS wave 

represents ventricular chamber depolarization, and the T wave represents ventricular 

chamber repolarization. The characteristic waveform of the ECG suggests that the heart 

is a very diverse organ in terms of its cellular composition, cell organisation, distribution, 

and expression of different ion channel proteins. 

The mechanical contraction and relaxation of the basic units of the heart muscle, 

the cardiac myocytes, contribute to the production of the force necessary for the 

mechanical activity of the heart. A process referred as "excitation-contraction coupling’’ 

transforms the electrical excitation of the muscle cells to mechanical contraction. These 
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functions are delicately balanced during normal physiological cardiac activity (Bers, 

2001). The major molecular components of the system that generates electrical activity 

are proteins in the membrane of cardiac cells, which form ion-selective pores. The 

selective permeability of the membrane causes an unequal distribution of ions across 

the cell membrane, resulting in a potential differential across the membrane. This 

transmembrane potential difference is crucial for the generation and transmission of 

electrical activity in the heart (Bers, 2001).  

 
Figure 1-1. Electrical activity in the myocardium. 
Top: schematic of a human heart with illustration of typical action potential waveforms recorded in 
different regions. Bottom: schematic of a surface electrocardiogram; four sequential beats are 
displayed (Nerbonne et al., 2005). 

At the level of individual cells, electrical activity in the heart is founded on the 

generation of a transitory shift in membrane potential called an action potential 

(Nerbonne et al., 2003). Action potential (AP) measurement in the heart revealed 

heterogeneity in action potential duration (APD) and shape along the wall of each 
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chamber and apico-basally as illustrated in the graphic below (Figure 1-1) (Nerbonne et 

al., 2005). The observed heterogeneity in action potential shape can be explained by the 

differential distribution and expression of ion channels. (Figure 1-1) (Shih, 1994; 

Nerbonne et al., 2003) 

A 

 

B 

 

Figure 1-2. Normal physiolocal ECG with correlating action potential and ionic 
currents. 

A. ECG illustrating P, Q, R, S, and T waves with corresponding action potential. The QRS 
complex relates to the depolarization phase of the action potential, whereas the QT length refers 
to the repolarization phase. B. Currents driving distinct phases of a ventricular action potential. 

The voltage-gated Na+ (Nav) channel activation causes a rapid upstroke of the 

action potential (phase 0) in ventricular myocytes, atrial myocytes, and Purkinje fibres. 

However, phase 0 is significantly slower in pacemaker cells in the SA node (SAN) and 

AV node (AVN) indicating low expression of the voltage-gated Na+ (Nav) channels. The 

upstroke of the action potential in these cells is primarily due to the activation of (L-type) 

voltage-gated calcium channels (Cav) and HCN (hyperpolarization-activated cyclic 

nucleotide-gated) channels. The resulting inward current through HCN channels, 

together with the calcium current through L-type calcium channels, contribute to the 

gradual depolarization of the membrane potential and the generation of the action 
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potential in pacemaker cells. (Figure 1-2) (Bers et al., 1999). Atrial and ventricular 

myocytes, as well as Purkinje fibres, undergo a brief repolarization (phase 1) after the 

onset of the action potential (phase 0), indicated by a prominent “notch,” which is a result 

of Nav channel inactivation and the activation of the fast transient outward K+ current (Ito) 

(Figure 1,2). Depolarization of the membrane also initiates voltage-gated Ca2+ (Cav) 

currents, with the influx of Ca2+ through L-type Cav channels during the (phase 2) 

plateau serving as the primary trigger for excitation-contraction coupling in the 

contracting myocardium (Fabiato et al., 1979). There is a prominent plateau phase in 

both ventricular and atrial cells, with the ventricular plateau being longer. Due to high IKur 

expression and synergistic activation of Ito(f) atrial cells exhibit faster repolarization and a 

shorter plateau compared to ventricular cells, which express low levels of IKur. As Cav 

channels begin to deactivate, outward K+ currents become dominant, resulting in a fast 

return (phase 3) of the membrane potential to its resting state (phase 4) (Figure 1-2). 

These various phases of the action potential are correlated with the ECG waveform as P 

wave depolarization of the atria, QRS depolarization of the ventricles, and QT 

repolarization period of the ventricles (Schmitt et al., 2014) (Figure 1-2A).  

Cardiac cells express a wide variety of potassium channels which are important 

for cardiac repolarization, and they exhibit some degree of redundancy (Schmitt et al., 

2014) (Figure 1-2B). The predominant repolarizing currents can be categorised as 

transient outward currents (Ito), delayed rectifiers (IKur, IKr, IKs), and inward rectifiers (IK1, 

IKACh, IKATP) (Schmitt et al., 2014; Jeevaratnam et al., 2018). Out of these IKr, IKs and IK1 

are primarily accountable for repolarization and comprise the net ‘repolarization reserve’ 

(Figure 1-2B) (Roden, 1998; Schmitt et al., 2014). Functional potassium channels are 

formed by assembly of pore-forming α and accessory β-subunits (Tamargo et al., 2004; 

Jeevaratnam et al., 2018). According to their pore-forming α-subunit topology, K+ 

channels can be divided into three distinct structural classes: those with six 

transmembrane domains and a single pore-forming region (class1), those with two 

transmembrane domains and a single pore-forming region (class2), and those with four 

transmembrane domains and two pore-forming regions (class3) (Figure 1-3) (Tamargo 

et al., 2004; Jeevaratnam et al., 2018). Kv11.1 (hERG) (class1), Kv7.1 (KVLQT1) 

(class1), and Kir2.1 (IRK1) (class2) are α-subunits of the channels that conduct the main 

repolarizing currents IKr, IKs, and IK1, respectively, while MiRP1 and mink are β-subunits 
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of Kv11.1 (hERG) and Kv7.1 (KVLQT1), respectively (Snyders, 1999; Nerbonne et al., 

2005). 

A 

 

B 

 

C 

 
 

Figure 1-3. Structure of different cardiac potassium channel species:  
Schematic representation of selected potassium channel α-subunits. A. The 2-transmembrane 1-
pore-region inward rectifiers. B. The 4-transmembrane 2-pore-region twin-pore channels. C. The 
6-transmembrane 1-pore-region Kv channels (Jeevaratnam et al., 2018).  

As mentioned above, ion channels play a critical role in the normal functioning of 

the heart. Numerous human diseases can be traced to abnormalities in ion channel 

proteins, demonstrating the importance of these proteins in human health and disease. 

The fact that a broad set of disorders known as channelopathies are connected with 

40% of all natural fatalities in those under the age of 35 years demonstrates the 

relevance of this involvement (Tester and Ackerman, 2007; Bagnall et al., 2016). 

Channelopathies have been linked to both acquired and inherited causes, with the 

former being the more prevalent of the two. Long QT syndrome (LQTS), Brugada 

syndrome (BrS), and catecholaminergic polymorphic ventricular tachycardia (CPVT) are 

the most common inherited channelopathies (Kim, 2014; Skinner et al., 2019). I will be 

focusing on Long QT syndrome, specifically Long QT syndrome type 2, in the following 

sections. 

1.2. The Long QT Syndrome (LQTS) 

The time of ventricular repolarization from the beginning of the Q wave to the end 

of the T wave on the ECG reflects the QT interval (Figure 1-4), and a rate-corrected QT 

(QTc) value of >450 ms in males and >460 ms in females is considered a 'prolonged 

QTc' value (Rautaharju et al., 2009; Giudicessi et al., 2019). A prolonged QT interval 

increases the risk of developing torsades de pointes (TdP), a potentially fatal form of 

ventricular tachycardia that can cause ventricular fibrillation, syncope, and in some 



6 
 

cases sudden cardiac death (Crotti et al., 2008; Schwartz et al., 2012). Long QT 

Syndrome (LQTS) can be inherited due to mutations in genes that code for ion channel 

proteins, resulting in their dysfunction, or it can be acquired through the use of drugs that 

bind to the hERG potassium channel, or as a result of electrolyte imbalance (Chiang, 

2004; Roden et al., 2005; Cubeddu, 2016; Tisdale et al., 2020). Current data suggests 

that the inherited form of LQTS affects about 1 in 2,000 newborns (Schwartz et al., 

2009). There are reportedly 17 types of LQTS linked with mutations in genes encoding 

certain ion channels or associated proteins (Schwartz et al., 2013; Crotti et al., 2019). 

Among them, three key genes, KCNQ1 (LQTS1), KCNH2 (LQTS2), and SCN5A 

(LQTS3), account for over 75% of cases of congenital LQTS disorders (Tester et al., 

2014). Loss-of-function mutations in KCNQ1 account for around 35% of LQTS; loss-of-

function variants in KCNH2 account for about 30% of LQTS; and gain-of-function 

mutations in the SCN5A gene are responsible for about 10% of LQTS (Schwartz et al., 

2012; Wilde et al., 2022). Loss of function in KCNQ1 (LQTS1), KCNH2 (LQTS2), or gain 

of function in SCN5A (LQTS3) can prolong the action potential duration (APD) as a 

result of a reduction in IKs, IKr, or an increase in late INa (Schwartz et al., 2012). A 

prolonged QT interval on the ECG is a manifestation of the prolonged APD at the cellular 

level (Figure 1-4) (Yan et al., 1998; Wilde et al., 2022).  

 
Figure 1-4. The effect of major Long QT Syndrome-causing genes.  
The effects of variants in KCNQ1 (LQTS1), KCNH2 (LQTS2), and SCN5A (LQTS3) on action 
potential duration and the ECG.  
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1.3. The hERG potassium channel 

The main emphasis of this thesis is the KCNH2 gene product, the hERG 

potassium channel (also known as Kv11.1), which is primarily responsible for phase 3 

repolarization of the ventricular action potential. Dysfunction of hERG channels is 

associated with LQTS2. hERG channels are expressed in the heart, central nervous 

system, cancer cells, pancreas and other tissues (Guasti et al., 2005; Babcock et al., 

2013; Smith et al., 2002). The product of the KCNH2 gene (Figure 1-5A) is transcribed 

into 3 isoforms, the major transcript is hERG-1a which gives rise to Kv11.1a or hERG1a 

protein (Curran et al., 1995a; Sanguinetti et al., 2006). The gene has two additional 

transcriptional sites which give rise to hERG-1b (London et al., 1997) and hERG-1c 

(KCNH2-3.1) (Kupershmidt et al., 1998) transcripts,. In addition to these isoforms, the 

KCNH2 gene product also generates the splice variant hERGUSO by alternative splicing 

(Kupershmidt et al., 1998; Sanchez-Conde et al., 2022). hERG1a is a 1,159 amino acid 

protein, a voltage-gated potassium channel with six transmembrane domains and a 

single pore-forming region (class1) (Warmke et al., 1994). hERG1b lacks the N-terminus 

EAG domain, shows a fster deactivation kinetics compared to hERG1a; while hERG1c 

lacks the first 102 amino acids of hERG1a displays electrophysiological properties 

similar to ERG1b. hERGUSO is a hERG1a C-terminal splice variant that is C-terminally 

truncated. Both hERG1a and hERG1b are found in the brain and heart, while hERG1c is 

predominantly expressed in the brain and it has been linked to cognitive dysfunction 

(Jones et al., 2004; Carr et al., 2016; McNally et al., 2017; Sanchez-Conde et al., 2022). 

Evidence suggests that hERG1a and hERG1b form heterotetramers in native 

cardiomyocytes, with a predicted ratio of hERG1a:hERG1b of 2:2 or 3:1; however, the 

precise composition of hERG functional protein is still a matter of debate (McNally et al., 

2017).. Similar to their structural variances, hERG1a and hERG1b also differ in their 

function. Different from hERG1a homotetramers, hERG1a/1b heterotetramers display 

higher currents and reduced sensitivity to drugs when expressed in a heterologous 

expression system (Sale et al., 2008). hERG1b can also form homotetramers under 

heterologous expression with low efficiency, small currents and faster deactivation 

compared to hERG1a (McNally et al., 2017; Sale et al., 2008). The hypothesis of 

hERG1a/1b heteromeric assembly of the hERG channel in vivo is supported by the fact 
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that hERG1b has been shown to play a vital role in drug sensitivity and repolarization in 

human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CMs) (Sale et al., 

2008; Jones et al., 2014). There is evidence that mutations in both hERG1a and 

hERG1b cause LQTS and selective knockdown of hERG1b prolongs APD in hiPSC-

CMs (Sanguinetti et al., 1995; Sale et al., 2008; Jones et al., 2014). Clearly, hERG1a 

and hERG1b isoforms are essential for the repolarization of the heart, and they may also 

influence drug binding and the native IKr properties, which may impact the ventricular 

repolarization as a whole.  

1.3.1. Structure 

hERG functional proteins are tetramers, each monomer consists of 6 

transmembrane segments S1 to S6 with S1-S4 forming the voltage sensor domain 

(VSD), S5-S6 forming the pore domain (PD) and large intracellular N and C-terminus 

domains (Figure 1-5B). The voltage sensor domain has 6 positively charged amino acids 

in its S4 segment, and many negatively charged amino acids in its S1-S3 segments that 

are considered to function as countercharges. The N-terminal cytoplasmic region 

contains the eag domain, consisting of a Per-Arnt-Sim (PAS) domain capped by a short 

sequence containing an amphipathic helix (N-Cap). While the C-terminal contains a C-

linker region and a cyclic nucleotide-binding homology domain (cNBHD). (Figure 1-5B) 

(Cabral et al., 1998; Wang et al., 2017; Burton et al., 2020; Shi et al., 2020). Interactions 

between the cytosolic and transmembrane regions control the channel gating kinetics 

(Vandenberg et al., 2004). hERG potassium channels are distinctive in their kinetics, 

since their activation and deactivation are slow, whereas their inactivation and recovery 

from inactivation is rapid and voltage-dependent (Figure1-5C) (Trudeau et al., 1995; 

Smith et al., 1996; Sanguinetti et al., 2006). The rapid voltage-dependent inactivation 

contributes to the inward rectification of the channels (Smith et al., 1996). When the 

membrane begins to depolarize, these channels open slowly but inactivate quickly 

passing little outward current during the initial phase of the action potential. When the 

membrane potential starts to repolarize, these channels rapidly recover from inactivation 

and pass outward currents peaking at around -40 mV, driving the membrane potential 

back to its resting state (Figure 1-5D). The final phase involves the closing of these 

channels, which is a relatively slow process (Trudeau et al., 1995b; Smith et al., 1996b; 

Vandenberg et al., 2012).  
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Figure 1-5. Cartoon depiction of the hERG1a gene, the hERG1a subunit, and the 
kinetics. 

A. a colour-coded linear hERG1a gene sequence with domains. B. topology of a single hERG1a 
subunit with the same colouring as in A. C. Schematic representation of the transition of hERG 
channel gating states from closed to open to inactive. D. Schematic illustration of hERG currents 
conducted during various phase transitions of a ventricular action potential. 

1.3.2. Activation 

Activation of voltage-gated hERG channels is a relatively slow process compared 

to other Kv channels, such as the Shaker potassium channel (Smith et al., 2002; 

Sanguinetti et al., 1995; Trudeau et al., 1995; Piper et al., 2003). It is believed that the 

slow movement of the VSD is responsible for the slow voltage-dependent activation of 

the hERG channel (Lu et al., 2002; Long et al., 2005; Smith et al., 2002; Thouta et al., 

2014, 2017; Shi et al., 2020). The S4 segment of the VSD consists of positively charged 

amino acids, the first three of which, K1, R2, and R3, are situated above the gating 

charge transfer centre closer to the extracellular side of the membrane in the open state 
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(Tao et al., 2010; Cheng et al., 2013). The transmembrane voltage changes cause a 

motion in the VSD, which is transmitted to the C-terminal regions of the S6 via the S4-S5 

linker (Jensen et al., 2012; Hull et al., 2014; Shi et al., 2020). This movement opens the 

activation gate (Smith et al., 2002; Sanguinetti et al., 1995c; Fernández-Mariño et al., 

2018). However, this hypothesis has been challenged recently due to the short S4-S5 

loop and the finding of normal voltage sensing and ion permeation when the S4-S5 

linker was split (Lörinczi et al., 2015). Furthermore, the cryo-electron microscopy (cryo-

EM) structure of the hERGT (a construct functional properties very similar to the wild-

type channel, in which two segments (141–350 and 871–1005) were deleted) channel 

has questioned whether the S4-S5 linker acts as lever/link between the VSD and the PD 

(Wang et al., 201). Superimposition of the structures of the ether à-go-go (EAG) channel 

in the closed state and the hERG channel in the open state showed a significantly 

variable conformational change in the S6 helices which is due to the glycine hinge (G648 

in hERG, G460 in EAG1), indicating its potential role in activation gating  (Jiang et al., 

2002; Wynia-Smith et al., 2008; Thouta et al., 2014; Wang et al., 2017). To date, it has 

been determined that the VSD, S4 helix, S4-S5 linker, and C-terminal end of the S6 helix 

all interact to regulate channel gating. The new cryo-EM structure of hERGT reveals that 

the channel gate is open or closed depending on the polarization state of the S4. The 

S4-S5 linker interacts with the S6 helix in a depolarized state, resulting in S6 helix 

relaxation and channel opening. As hyperpolarization causes the S6 to bend, the pore 

gate closes (Wang et al., 2017; Shi et al., 2020; Zequn et al., 2021). More research is 

necessary, however, to verify the specific confirmational alterations that transfer VSD 

motion to activation gate opening. 

1.3.3. Inactivation 

A remarkable property of hERG channels is their inactivation, which is voltage-

dependent and occurs much more rapidly than their activation (Sanguinetti et al., 1995; 

Trudeau et al., 1995; Smith et al., 1996). In the open-inactivated state, hERG channels 

display a P/C-type of inactivation characterised by the collapse of the selectivity filter 

preventing ionic passage (Smith et al., 1996; Shi et al., 2020). This rapid inactivation of 

the channels is physiologically significant because it aids in maintaining the shape of the 

action potential by limiting the outflow of potassium ions during phases 1 and 2, and, due 

to subsequent rapid recovery from inactivation into the open state, contributes to the rate 
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of repolarization during phase 3 (Figure 1-5C and D) (Trudeau et al., 1995b; Smith et al., 

1996b). The cryo-EM structure of hERG has also emphasized the location of the F627 

side chain in the selectivity filter, which has led to the hypothesis that this residue may 

play a significant role in rapid inactivation of the channel (Wang et al., 2017). The F627 

side chain is located near the intracellular end of the selectivity filter, a critical region that 

regulates ion permeation through the channel. The researchers proposed that the F627 

side chain may interact with other residues in the selectivity filter to induce a 

conformational change that leads to rapid inactivation of the channel. While this 

hypothesis is based on structural data and has not been directly tested, it provides a 

potential mechanism for how the F627 residue might contribute to the inactivation of the 

hERG channel. . An alanine scan highlighted the importance of positive charges in S4 in 

explaining the molecular determinants of inactivation; nonetheless, the inactivation does 

not appear to arise directly from these charges (Zhang et al., 2004; Piper et al., 2005). 

Utilizing Φ-value analysis provided a value calculated by comparing the perturbation to 

the transition state's energetics to the reaction's ground states. A near zero suggests 

that the local structure in the transition state at the site of perturbation is similar to the 

local structure in the starting state, while near one indicates that it is similar to the local 

structure in the final state (Wang et al., 2011). Based on this, Wang et al. suggested a 

detailed Japanese puzzle box model, which involves rearrangements or conformational 

changes in several domains that are interconnected yet separate, to explain the 

dynamics of inactivation gating in hERG channels (Wang et al., 2011). To date, 

however, research into the structural basis and dynamics of hERG channels during 

inactivation has yet to yield high resolution dynamic insight. 

1.3.4. Deactivation 

Deactivation or closure of hERG channels is a slow process that is mediated by 

several interactions between the N-terminal Cap domain, PAS domain and cNBHD 

Studies have shown that perturbations in these domains influence the rate of 

deactivation (Sanguinetti et al., 1995; Smith et al., 1996; Wang et al., 1998; Piper et al., 

2005; Al-Owais et al., 2009; Gustina et al., 2011). For example, deletion of the N–

terminal tail (residues 2–25), the whole PAS domain (residues 2–138), or the bulk of the 

N–terminus (residues 2–373) results in a faster rate of deactivation, indicating a role for 

the N–terminus in the normal slow deactivation kinetics. The N-terminus may potentially 
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influence deactivation gating by interacting with the S4-S5 linker (Schönherr et al., 1996; 

Wang et al., 1998, 2000; Gustina et al., 2009; Ng et al., 2011). The interaction of the N-

terminus, PAS domain, and C-terminal cNBHD in regulating slow deactivation was 

demonstrated by studies showing restoration of slow deactivation following cNBHD or 

PAS domain deletion by co-expression with a recombinant PAS domain (Gustina et al., 

2011). In the cryo-EM structure of hERG, the N-terminus is integrated at the VSD/PD 

interface, showing that the N-terminal PAS domain may migrate to the plasma 

membrane during the deactivation process, thereby modifying the VSD/PD interaction 

(Wanget al., 2017; Shi et al., 2020). Indeed, there is substantial evidence that 

transmembrane regions of the channel influence deactivation gating. For example, 

neutralizing the negative charges in S1–S3 accelerated deactivation, indicating that 

there may be a ‘master switch’ as described by Liu et al. (2003) in the channel that slows 

deactivation (Jiang et al., 1999; Liu et al., 2003). Another potential explanation for the 

slow deactivation of the hERG channel is VSD relaxation. Slow deactivation may be 

caused, in part, by the fact that VSD has a natural inclination to be in a relaxed state 

after activation, which creates an energy barrier to return upon membrane repolarization 

and hysteresis (Tan et al., 2012; Thouta et al., 2017; Goodchild et al., 2015; Shi et al., 

2019, 2020). 

1.4.  hERG dysfunction and Long QT Syndrome 

hERG potassium channels conduct the rapidly activating delayed-rectifier 

potassium current IKr (Sanguinetti et al., 1995; Trudeau et al., 1995). They are a 

significant determinant of ventricular repolarization, and their dysfunction as a result of 

inherited mutations or acquired circumstances can cause delayed repolarization (Curran 

et al., 1995a; Sanguinetti et al., 1995c, 2006; Vandenberg et al., 2012). hERG mutations 

can disrupt channel trafficking to the cell surface, impair channel gating, or have a 

dominant negative effect. All loss-of-function hERG mutations result in a decreased IKr 

current magnitude, and this is true regardless of the molecular mechanism by which the 

mutation alters the channels. (Figure 1-6) (Curran et al., 1995; Chen et al., 1999; 

Sanguinetti et al., 2006). Some mutations may produce a gain of function that enhances 

repolarization and abbreviates the action potentials leading to Short QT Syndrome 

(Brugada et al., 2004; Bjerregaard, 2018).  
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Currently more than 1000 variants have been identified in hERG channels 

(Mendes et al., 2021). Loss-of-function mutations are classified into 4 main groups 

based on their cellular effect: class 1, disruption of transcription/translation; class 2, 

inadequate protein trafficking; class 3, abnormal channel gating/kinetics; and class 4, 

altered channel permeability (Smith et al., 2016; Ono et al., 2020). Studies show that 

more than 90% of the identified missense mutations are class 2, trafficking deficient 

mutations (Ono et al., 2020). Different variants in KCNH2 have variable impact on IKr 

currents. Some reduce IKr to a small extent, while others may lead to a complete loss of 

current depending on the location of the mutations in the channel. For example, 

dominant-negative LQTS2 mutations in the pore region of the hERG channel make 

patients more prone to arrhythmic events (Moss et al., 2002; Smith et al., 2016). 

Conversely, about 25% of genotype-positive cases are phenotypically silent or veiled 

LQTS, which significantly increases the risk (10-fold) of sudden cardiac death  

(Goldenberg et al., 2011). The trigger or the mechanism for the occurrence of life-

threatening ventricular tachyarrhythmias in these concealed LQTS patients is not clear 

(Goldenberg et al., 2011).  

Making a correct diagnosis of LQTS is vital for selecting the best treatment 

option. Determining whether a patient has LQTS depends on several factors, including 

the heart rate corrected QT interval (QTc), symptoms, and family history (Schwartz et 

al., 1993). Using these factors, the risk of LQTS may be determined, as outlined by the 

Schwartz scoring system consisting of ECG findings (QTc, TdP, T wave alternans 

(TWA), notched T wave in 3 leads, lower heart rate for age), clinical history (syncope), 

family history (family members with definitive LQTS, unexplained sudden cardiac death 

at age <30 yeas in immediate family). A score of ≤1.0 point = low probability; 1.5-3.0 

points = intermediate probability; ≥3.5 points = high probability of LQTS  (Schwartz et al., 

1993; Priori et al., 2013). Such scoring systems are valuable, since the cut-off for a 

prolonged QTc is influenced by choice of the QTc correction formula used, and because 

there is extensive overlap between the QTc in healthy individuals and that in genotype-

positive patients (Hofman et al., 2007; Vink et al., 2018; Wilde et al., 2022). 
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Figure 1-6. Cartoon description of the IKr current, ventricular action potential, and 

QT interval in both normal and pathological conditions.  
Under normal physiological conditions, IKr contributes to the phase 3 repolarization of the action 
potential, resulting in a normal APD and QT interval on the ECG (shown in black). Under 
pathological conditions, decreased IKr results in a prolonged APD and thus a prolonged QT 
interval, which may precipitate the potentially deadly form of ventricular tachycardia known as 
torsades de pointes (TdP) (shown in red). 

1.5. Current clinical management of LQTS 

The present objective of LQTS care is the reduction of potentially fatal 

arrhythmias, such as TdP, with the use of: various drugs, primarily ß-blockers; 

procedures, such as left cardiac sympathetic denervation or internal cardioverter 

defibrillator (ICDs); and lifestyle modifications (Wilde et al., 2022). ß-blockers continue to 

be the most widely utilised treatment method for all kinds of LQTS (Chiang, 2004; 

Schwartz et al., 2012; Priori et al., 2013; Wilde et al., 2022); however, current advances 

in gene sequencing permit a more gene-specific therapy strategy. The underlying 

genetic cause as well as the arrhythmia precipitating factors have an impact on the 

treatment options available for LQTS patients (Schwartz et al., 2001; Wilde et al., 2022). 

In LQTS1 patients, the primary precipitating factor is the adrenergic spike, that occurs 

during exercise and swimming (Wilde et al., 1999; Schwartz et al., 2001). Complexity 

surrounds the genotype-specific trigger for LQTS2. About 49% of lethal episodes occur 

during sleep or rest without arousal; 29% are attributed to emotion and 22% to other 
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causes, whereas physical activity has a lesser impact (Wilde et al., 1999; Schwartz et 

al., 2001). In LQTS3, the majority of events are triggered during sleep, with few 

happening during emotional stress or physical activity (Wilde et al., 1999; Schwartz et 

al., 2001).  

Although ß-blockers are effective at preventing potentially fatal cardiac events, 

research indicates that patients, especially symptomatic patients, can still experience 

cardiac events when on ß-blocker therapy (Moss et al., 2000). Atenolol, propranolol, 

metoprolol, and nadolol are the most regularly used ß-blockers, but their efficacy in 

avoiding cardiac arrhythmias in LQTS patients varies (Wilde and Ackerman, 2014; Han 

et al., 2020; Kim, 2013). These drugs are significantly more effective at preventing 

cardiac events in LQTS1 than in LQTS2 or LQTS3. (Priori et al., 2004; Han et al., 2020). 

ß-blockers have been demonstrated to be useful at preventing cardiac events caused by 

exercise, but they are ineffective at preventing cardiac events during sleep or rest 

(Goldenberg et al., 2012; Kim et al., 2010). Furthermore, ß-blocker breakthrough events 

are not uncommon, and further therapies are required (Waddell-Smith et al., 2016; 

O'Donovan et al., 2018; Vincent et al., 2009). In some LQTS cases, such as Jervell and 

Lange-Nielsen Syndrome (JLNS), large dosages of ß-blockers are necessary, which is 

associated with a variety of side effects, the most significant of which is bradycardia 

(Früh et al., 2016).  

In high-risk LQTS patients, left cardiac sympathetic denervation is recommended 

when ICD therapy is not an option and -blockers have failed. Its anti-fibrillatory effect is 

best in LQTS1, followed by LQTS2, and LQTS3. (Wilde et al., 2022; Moss and 

McDonald, 2010; Priori et al., 2013; Schwartz et al., 2004; Niaz et al., 2020). These 

approaches are useful and advantageous in the primary and secondary prevention of 

sudden cardiac death, but the implantation of an ICD poses a substantial risk of 

inappropriate shocks and hospitalisation and post-discharge problems (Olde Nordkamp 

et al., 2016). 

In cases of acquired LQTS manifested by a QTc >500 ms, a QTc increase >60 

ms above baseline, QT prolongation with syncope, or any signs of ECG instability (such 

as TWA, atrio ventricular (AV) block, or ventricular ectopy), the causative drug should be 

halted or electrolyte imbalance rectified (Drew et al., 2010; Chiang, 2004; El-Sherif, 

2019). Current genotype screening has also indicated the prospect of combining 
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pacemaker therapy with ß-blockers to treat LQTS2 and acquired LQTS in which the 

onset of the TdP is dependent on a pause (Tan et al., 2006; Crawford et al., 1975; 

Nakstad et al., 2010). With the progress of gene sequencing techniques, new variants, 

many of which have unknown variant significance, are uncovered (Hancox et al., 2020). 

Determining the most effective method of therapy is made more difficult by the fact that 

the pathogenicity of the mutated gene is frequently unknown due to the unpredictability 

of the variant (Hancox et al., 2020). This emphasises the need for patient-specific 

pharmacological treatments. A greater knowledge of the disease's underlying causes 

provides the way for the development of targeted therapies that may improve the care 

for these patients and their families. 

1.6. Mechanism based therapy for LQTS 

The processes underlying cardiac arrhythmias are complex and poorly 

understood (Antzelevitch, 2007; Antzelevitch et al., 2011). Both congenital and acquired 

LQTS are caused by aberrant ionic current function in cardiac cells (Roden et al., 1996; 

Bohnen et al., 2017). Increased APD of myocytes due to a decrease in IKs, IKr, or IK1 or 

an increase in ICa or late INa induces long QT conditions, and may induce TdP (Yan et al., 

1998). The genesis and maintenance of any arrhythmia depends on the stimulus and 

substrate. The extrasystoles can be triggered by ectopic activity in the myocardium, 

which may arise as a result of enhanced sympathetic drive, remodelling of ion channel 

expression, or hypokalemic situations (Roden et al., 1996; Shah et al., 2005; You et al., 

2021). Amplification of spatial repolarization dispersion is the major arrhythmogenic 

substrate in both acquired and congenital LQTS (Keating et al., 2001; Antzelevitch et al., 

2002; Tse, 2016; Tse et al., 2017; Cox et al., 2021). At the molecular level, reduced 

repolarization reserve predisposes ventricular myocytes to early afterdepolarizations 

(EADs), which are mediated by the reactivation of time- and voltage-dependent ICa and 

the dominance of these currents during the calcium widow current (-30 mV to 0 mV), 

resulting in an ICa mediated upstroke that can lead to a triggered beat or a series of 

triggered beats (Figure 1-7) (Roden et al., 1996; Weiss et al., 2010). In some instances, 

calcium overload-induced delayed afterdepolarizations (DADs) may be the cause of 

extra heartbeats that can degenerate into TdP (Roden et al., 1996; Shah et al., 2005)  
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Heterogeneity in the distribution of the three main cell types that make up the 

myocardium, i.e., the epicardium, midmyocardium (M), and endocardium, leads to 

repolarization dispersion in the heart (Antzelevitch et al., 1991, 2002; Antzelevitch, 

2007). Due to the heterogeneity in the distribution of ion channels in these different cells 

they produce different action potential morphologies with different repolarization timing 

(Yan et al., 1998; Antzelevitch, 2007). Prolonged repolarization increases the 

transmural, transeptal, or apico-basal dispersion of repolarization, and the subsequent 

development of EADs initiates TdP arrhythmias under LQTS conditions (Belardinelli et 

al., 2003; Antzelevitch et al., 1991; Antzelevitch, 2007). Dispersion of repolarization is 

particularly exacerbated in Purkinje fibres and M cells (in the mid ventricular 

myocardium), leading to an increase in zonal refractoriness and ultimately re-entrant 

arrhythmias (Roden et al., 1996; Weiss et al., 2010; Cox et al., 2021). It is widely 

acknowledged that in LQTS, the mere lengthening of APD is typically accompanied by 

repolarization dispersion, which contributes to the generation of arrhythmias 

(Antzelevitch et al., 2002). The interaction of trigger activity (i.e., EADs or DADs) with 

substrate (i.e., exacerbated dispersion of repolarization) is responsible for the 

perpetuation of the excitation wave or depolarization wave around a functional obstacle, 

which may then break into multiple wavelets and result in monomorphic or polymorphic 

ventricular tachycardia, TdP and if sustained, ultimately fibrillation and sudden cardiac 

death (Roden et al., 1996; Weiss et al., 2010; Cox et al., 2021). 
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Figure 1-7. Normal ventricular action potentials and early afterdepolarizations.  
(A) Propagation of a normal ventricular action potential on the left and the propagation of early 
afterdepolarizations (an arrhythmogenic heartbeat) on the right. (B) Relative overlapping of Ca2+ 
and K+ currents leading to a reversal of repolarization and EADs. EAD: Early afterdepolarization. 
Adapted from Future Cardiol.(2021) 17(8), 1453–1463. with permission of Future Medicine Ltd. 
(Cox et al., 2021) 

 

1.7. hERG protective currents and their antiarrhythmic role 

LQTS2 can be explained at the molecular level by the dysfunction of hERG 

potassium channels. There is also substantial interest in the role of these channels in 

cardiac arrhythmias due to their distinctive kinetics. (Sanguinetti et al., 1995; Smith et al., 

1996; Curran et al., 1995; Vandenberg et al., 2001). It has been theorized that the slow 

deactivation of these channels can continue to contribute to membrane conductance 

after ventricular repolarization has completed (Smith et al., 1996). As such, the 
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development of unwanted premature depolarization may be prevented by these 

channels, as they are thought to generate brief outward currents in response to 

depolarizing stimuli (Smith et al., 1996; Du et al., 2010). IKr may therefore be crucial not 

only for AP repolarization in the ventricles but may also protect against premature 

depolarization (Smith et al., 1996; Miller, 1996; Lu et al., 2001; Du et al., 2010; Shi et al., 

2020). These hERG currents have been called protective because they generate a 

transient repolarizing force in response to premature stimulation in vitro (Lu et al., 2001). 

Figure 1-8 depicts the protective currents recorded in our lab by transiently expressing 

wild type (WT) hERG channels in Xenopus oocytes (at 21°C) or HEK-293 (at 37°C). This 

demonstrates the typical behavior of a hERG protective current in response to 

premature stimulation. For ventricular action potentials, the peak of  hERG protective 

current occurred at a coupling interval corresponding to 90% repolarization (APD90) (Lu 

et al., 2001). The study has uncovered a possible role for hERG currents in addition to 

providing the resurgent repolarizing current during Phase 3 of the ventricular action 

potential. The brief currents generated by premature stimuli may suppress premature 

beats by inhibiting the reactivation of L-type Ca2+ channels, a major mechanism by which 

early afterdepolarizations are formed and which may cause tachyarrhythmias (Lu et al., 

2001; Weiss et al., 2010). The results of studies on the responsiveness of hERG 

channels to acidosis conditions, when deactivation of hERG channels occurs rapidly, 

added more evidence in favour of this notion (Du et al., 2010). 

 
Figure 1-8. hERG protective currents recorded in response to premature 

stimulation. 
A and B response of the hERG WT channels during premature stimulations recorded in Xenopus 
oocytes at 21°C and HEK-293 cells at 37°C.  

In this study, premature stimuli after an AP command caused smaller outward 

hERG transients under acidic conditions, and simulations showed that when applied 
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after AP repolarization, what was a subthreshold stimulus at pH 7.4 became capable of 

eliciting an AP at pH 6.3 (Du et al., 2010). Based on the results of this investigation, it 

appears that the unique gating behavior of hERG potassium channels may provide 

resistance against unwanted premature stimuli by generating outward resistive currents 

at the end of the AP and the beginning of diastole (Smith et al., 1996; Lu et al., 2001; Du 

et al., 2010). Consistent with this, the over-expression of hERG channels by lentiviral 

infection of rabbit ventricular myocytes resulted in decreased cardiac hyperexcitability 

and protection against EADs (Nuss et al., 1999). Lentivirus-mediated overexpression of 

hERG in these cells increased their repolarization reserve, which in turn increased the 

relative refractory period, thereby reducing EADs (Nuss et al., 1999). These results offer 

preliminary evidence for the role of protective hERG currents passing in response to 

premature stimulation in the refractory period in suppressing arrhythmias. As a result, 

there is confidence in the concept of investigating hERG agonists that manipulate 

deactivation kinetics as a novel class of antiarrhythmics.  

1.8. hERG activators: a novel group of targeted 
antiarrhythmic therapeutics 

hERG-specific agonists were first discovered during routine pharmaceutical 

hERG screening, and several have been evaluated in cellular, in silico, and in animal 

models (Kang et al., 2005; Meng et al., 2013; Mannikko et al., 2015; El Harchi et al., 

2022). To date, 21 hERG activator compounds have been described and classified 

according to their mode of activation or enhancement of hERG currents (El Harchi et al., 

2022). These molecules are divided into four distinct classes. Type 1 activators primarily 

enhance hERG current by slowing deactivation. Examples are RPR260243, 

Ginsenoside Rg3, LUF7346. Type 2 agonists act primarily through a rightward shift in 

the voltage-dependence of inactivation. Examples are ICA-105574, PD-118057. Type 3 

agonists negatively shift the voltage-dependence of activation. Examples are Mallotoxin, 

SKF-32802. Type 4 agonists increase the open probability of the channel. An example is 

SB-335573. Despite this system of classification, many activators have mixed agonism 

mechanisms, or exhibit unique characteristics. Examples of these are ITP-2, HW-0168, 

ML-T531, PD-307243, NS1643 (Perry et al., 2010; Sanguinetti, 2014; El Harchi et al., 

2022). Table 1 lists the important characteristics of all known hERG activators, including 

activation mechanism, selectivity, and their impact in various model.  
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Table 1-1.  List of small molecule hERG activators, including their selectivity and 
the models used to investigate their effects. 

Activator Type  hERG 
selectivity 

Models tested /effects 

 
 
 
RPR260243  
 

 
 
 
Type 1 
 

Weak inhibitor 
of cardiac ICa,L 
and potent 
inhibitor of erg3  

HEK-293 cells (Kang et al., 2005) 
 
Guinea pig isolated ventricular myocytes- discernible effect 
on AP parameters, but fully restored dofetilide induced APD 
effects (Kang et al., 2005) 
 
Guinea pig Langendorff perfused heart- at 5 μM increased T-
wave amplitude, prolonged the PR interval, and shortened 
the QT interval (Kang et al., 2005) 
 
Ex vivo zebrafish heart- increases post repolarization 
refractory period, shortened ventricular APD, decreased 
triangulation, and steepened electrical restitution curve (Shi 
et al., 2020) 

ICA-105574  
 
 
 
 

Type 2  No reported 
effect on other 
cardiac ion 
channels 

HEK-293 cells (Gerlach et al., 2010) 
 
Guinea pig isolated ventricular myocytes- concentration 
dependent shortening of APD  (>70% at 3 μM) (Gerlach et 
al., 2010), reversed IKr , IKs blocking and hypokalaemia  
effects on APD (Meng et al., 2013) 
 
hiPSC-CMs- patient derived KCNH2T983I iCMs, enhanced IKr 
magnitude and shortened APD (Garg et al., 2018).  
In vitro and in silico studies on patient derived KCNH2A422T 
iCMs- shortned APD. At 10 & 30  μM  excessive shortening 
of APD & FPDc (Perry et al., 2020) 
 
Guinea pig Langendorff perfused hearts- concentration 
dependent shortening of QT/QTc (Gerlach et al., 2010). 
Prevented ventricular arrhythmias caused by IKr and IKs 
inhibitors (Meng et al., 2013; Qiu et al., 2019) 
 
Anesthetized dogs (in-vivo)- No effect at 1 and 3  mg/ kg but 
significantly shortened QT and QTc  at 10 mg/ kg (Asayama 
et al., 2013) 
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NS-1643 Type 1, 
2,3 
 
 

Inhibits 
neuronal 
Kv12.1 ether à  
go go gene like 
(elk3) channel. 
No reported 
effect on other 
cardiac ion 
channels 
 

HEK-293 cell (Grunnet et al., 2011; Hansen et al., 2006),  
 
Guinea pig isolated ventricular myocytes- concentration 
dependent shortening of APD, reversed IKr , IKs blocking and 
hypokalaemia  effects on APD (Meng et al., 2013; Qiu et al., 
2019) 
 
Guinea pig Langendorff perfused heart- concentration 
dependent shortening of QT/QTc intervals , at 10 μM 
decreased the incidence of arrhythmias in LQTS2 model, but 
increased the incidence of arrhythmia in LQTS1 model 
(Meng et al., 2013; Qiu et al., 2019) 

PD-118057 Type 4 
 
 

No reported 
effect on other 
cardiac ion 
channels  

HEK-293 cells (Zhou et al., 2005; Perry et al., 2009) 
 
Guinea pig isolated ventricular myocytes- APD shortning at 
3-10 μM (Zhou et al., 2005) 
 
Rabbit ventricular wedge- shortned APD and QT interval, at 3 
μM, reversed APD,QT prolongation and EAD’s caused by 
dofetilide (Zhou et al., 2005)  

NS3623 Type 2 
 
 

Activates Ito Xenopus Leavis Leavis oocytes (Hansen et al., 2006) 
 
Guinea pig isolated papillary muscle- shortening of APD 
(Hansen et al., 2006) 
 
hiPSC-CMs– increased the magnitude of IKr and modest 
effect on the APD, extracellular field potential (Treat et al., 
2019)  
 
Canine isolated cardiomyocytes-  activated IKr and Ito and 
shortened APD and suppressed EAD’s (Calloe et al., 2016) 
 
Canine left ventricular wedge- increase in epicardial AP 
notch and J wave amplitude, shortened QT interval (Calloe et 
al., 2016) 

Mallotoxin 
(MTX) 
 
 

Type 3 
 

Inhibits BK 
channels at 
0.5 μM. 

CHO & HEK-293 cells (Zeng et al., 2006; Lu et al., 2008) 
 
Isolated rabbit Purkinje fibres- shortened APD (Lu et al., 
2008) 
 
Rabbit Langendorff perfused hearts- at 1 μm, shortened 
APD, QT interval and elicited ventricular fibrillation (Lu et al., 
2008) 

Ginsenoside 
RG3 

Type 1 
 

No reports on 
the effects on 
other cardiac 
ion channels. 

Xenopus Leavis oocytes, HEK-293 (Gardner et al., 2017; 
Zhang et al., 2021) 
 
hiPSC-CMs- reversed vandetanib induced APD prolongation 
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(Zhang et al., 2021) 
 
Rabbit Langendorff perfused hearts- reversed  vandetanib 
induced QT prolongation (Zhang et al., 2021) 

KB130015 
(Amiodarone 
derivative) 

Type 3  
 

Inhibits IKAch ICa,L 
and IKATP 
channels. 
Slows the 
inactivation Nav 
channels.  
Activates IKs 
and BK 
channels. 

Xenopus Leavis oocytes & CHO cells (Gessner et al., 2010) 
 
Mouse and pig isolated ventricular muscles- APD shortening 
(Macianskiene et al., 2003) 

PD-307243 Type 
2/4 
 

Activates ICa,L. Xenopus Leavis oocytes, CHO & COS-7 cells (Gordon et al., 
2008; Xu et al., 2008) 
 
Guinea pig isolated ventricular myocyte- increased IKr (Xu et 
al., 2008) 

A-935142 Type 1, 
2/3 
 

No reports on 
the effects on 
other cardiac 
ion channels 

HEK-293 cells (Su et al., 2009; Liu et al., 2012) 
 
Guinea pig atrial tissue- reduced APD without appreciably 
changing other APD properties (Su et al., 2009). 
 
Canine cardiac Purkinje fibers- reduced APD without 
appreciably changing other APD characteristics (Su et al., 
2009). 

LUF7346 Type 1 
 

Inhibits IK1 and 
INa  

HEK-293 cells (van Veldhoven et al., 2021; Sala et al., 2016) 
 
hiPSC-CMs- concentration dependent shortening of FPD and 
reverted the effects of dofetilide on FPD (van Veldhoven et 
al., 2021) 
 
hiPSC-CMs– normalised APD and FPD in acquired and 
LQTS1, JLNS, LQTS2 and reversed the arrhythmogenic 
phenotype seen in JLNS-CMs (Sala et al., 2016). 

MC450 
(Mexiletine-
derivative)  

Type 2 
 

No reports on 
the effects on 
other cardiac 
ion channels 

HEK-293 cells (Gualdani et al., 2017) 

SKF-32802 Type 3  
 

Weakly inhibits 
INa and of ICa,L 

CHO cells (Donovan et al., 2018) 

SB-335573 Type 4 
 

Weakly inhibits 
INa and of ICa,L 

CHO cells (Donovan et al., 2018) 

ITP-2 Type 
2,3  
 

No reports on 
the effects on 
other cardiac 
ion channels 

HEK-293 cells (Sale et al., 2017) 
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HW-0168 Type 
2,3/4   
 

No reports on 
the effects on 
other cardiac 
ion channels 

HEK-293 cells (Dong et al., 2019) 
 
Guinea pig isolated ventricular myocytes- APD shortening 
(Dong et al., 2019) 

LUF7244 Type 1, 
2  
 
 

No reports on 
the effects on 
other cardiac 
ion channels up  
to 10 μM 

HEK-293 cells  
 
Neonatal rat isolated ventricular myocytes- combination with 
dofetilide corrected both congenital and acquired hERG 
trafficking defects, resulting in functional IKr current (Yu et al., 
2016; Qile et al., 2020).  
 
hiPSC-CMs- shortened APD in control and dofetilide induced 
conditions (Qile et al., 2019) 
 
Isolated canine ventricular myocytes- increased IKr, 
shortened APD and reduced dofetilide induced EAD’s (Qile 
et al., 2019) 
 
Adult mongrel dogs (in-vivo)- protected 71% of the tested 
dogs from dofetilide induced TdP (Qile et al., 2019) 

ML-T531 Type 1, 
2 
 

Weakly inhibits 
IKs at 10 μM. No 
reports on the 
effects on other 
cardiac ion 
channels.  

CHO cells (Zhang et al., 2012) 
 
iPSC-CMs- shortened APD of hiPSC-CMs drived form 
LQTS1 patient (Zhang et al., 2012) 

PD-307243 Type 
2,4 
 

Activates ICa,L  CHO cells (Gordon et al., 2008; Donovan et al., 2018) 

VU0405601 Type 
2,3 
 

Small effects on 
Kv1.5, Nav1.5, 
and IKs at 50 μM  

HEK-293 cells , CHO cells (Potet et al., 2012; Yu et al., 2015) 
 
Isolated rabbit ventricular myocytes- no effect on APD at 10 
μM. At 50 μM significant shortening of APD (Potet et al., 
2012) 
 
Rabbit Langendorff perfused hearts- protects hearts from the 
proarrhythmic effects of electrical pacing and dofetilide (Potet 
et al., 2012) 

AZSMO-23 Type 2 
 

Blocks INa, IKs 
Ito, ICa,T and IKur.  
Activates ICa,L 
 

CHO cells (Mannikko et al., 2015)  

MC-II-157c 
(analogue of 
NS1643) 

Type 2, 
3 
 

Blocks INa at 20 
μM , 

HEK-293 cells (Guo et al., 2014) 
 
Neonatal mouse isolated ventricular myocytes- no effect on 
APD at low concentrations but affected AP upstroke at 20 
μM (Guo et al., 2014) 
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hERG agonists provide an opportunity for therapy that is directly targeted to the 

underlying disease pathogenesis. In LQTS2, hERG activators may directly recover lost 

or decreased IKr, hence reducing prolonged repolarization time. With the proposed role 

of hERG in supressing arrhythmias (Smith et al., 1996; Miller, 1996; Lu et al.,et al., 2001; 

Shi et al., 2020), as outlined in Table. 1-1, many types of activators have shown promise 

in preventing drug induced as well as inherited arrhythmias. These activators have been 

tested in heterologous expression systems, such as Xenopus leavis oocytes, human 

embryonic kidney (HEK-293) cells, or Chinese hamster ovary (CHO) cells (Kang et al., 

2005; Gerlach et al., 2010; Su et al., 2009; Liu et al., 2012; Sale et al., 2017), as well as 

in isolated ventricular myocytes from guinea pig, rabbit, dog, and pig (Kang et al., 2005; 

Gerlach et al., 2010; Meng et al., 2013; Qiu et al., 2019; Macianskiene et al., 2003; Dong 

et al., 2019), ventricular wedge models of dog, rabbit (Calloe et al., 2016; Zhou et al., 

2005; Calloe et al., 2016; ) and ex vivo hearts of guinea pig, rabbit, zebrafish, and dog 

(Kang et al., 2005; Potet et al., 2012; Zhang et al., 2021; Meng et al., 2013; Qiu et al., 

2019), and hiPSC-CMs (Zhang et al., 2012; Garg et al., 2018; Sala et al., 2016; Duncan 

et al., 2017; Zhang et al., 2021). The potential for hERG agonists to reduce the 

occurrence of arrhythmias has been demonstrated by a wide variety of preclinical 

studies. As mentioned earlier, these molecules were found during routine hERG 

screening, and there is a need for the design of molecules with high selectivity at a 

therapeutic concentration that has little effect on other types of ion channels.  

Even though work so far has shown a lot of promise, there is a major concern 

over, or potential limitation to, the use of hERG activators. An overcorrection of the APD 

(Figure 9) has been linked to a number of activators, such as ICA-105574 (Meng et al., 

2013; Asayama et al., 2013; Qiu et al., 2019; Perry et al., 2020) and NS1643 (Qiu et al., 

2019; Meng et al., 2013). These compounds that inhibit inactivation of hERG channels 

enhance IKr to such an extent that they cause early repolarization, leading to an 

overcorrection of the APD, which might potentially shorten the QT interval and shorten 

the effective refractory period providing a substrate for arrhythmias (Nof et al., 2010) 

(Figure 9). For example, a positive shift in the voltage-dependence of inactivation by PD-

118057 (Zhou et al., 2005; Perry et al., 2009) or NS1643 (Grunnet et al., 2011; Hansen 

et al., 2006) significantly shortened the APD and QTc interval (Meng et al., 2013; Qiu et 

al., 2019). Garg et al. also demonstrated that while ICA-105574 may normalise APD 

prolongation and prevent cellular arrhythmias in LQTS2 iPSC-CMs carrying a VUS, the 
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action potential was significantly shortened. Therefore, Type 2 activators should be 

thoroughly evaluated prior to future development (Garg et al., 2018). Given that the 

mechanism of arrhythmia protection may need to involve reduction of the APD (trigger) 

and the dispersion of repolarization (substrate), testing activators for their capacity to 

affect the interplay between trigger and substrate is of paramount relevance (Keating et 

al., 2001; Kass and Moss, 2003; Tse, 2016). This approach is highlighted by a 

computational work by Colman et al., (2017), which shows that while the hERG activator 

may suppress the trigger activity by lowering the APD, it may simultaneously enhance 

the substrate by expanding the spatiotemporal extent of the vulnerable window.  

A 

 

B 

 

Figure 1-9. Representation of the overcorrection effect of Type 2 activators on 
APD and FPD.  

A. Effect of Type 2 agonists on APD. B. Effect of Type 2 agonists on field potential duration. 

 

While much attention has been paid to activators that shorten the APD in an 

attempt to reduce the incidence of EADs (Weiss et al., 2010b) there may be a different 

opportunity to boost hERG currents passed in response to premature stimulations 

(Smith et al., 1996b; Grunnet et al., 2008). Type 1 activators, such as RPR260243, bind 

to hERG channels and delay their closure, increasing the current during phase 3 and the 

beginning of phase 4 of the action potential (Kang et al., 2005; Shi et al., 2020). 

RPR260243 ([(3R,4R)-4-[3-(6-methoxy-quinolin-4-yl)-3-oxo-propyl]-1-[3-(2,3,5 trifluoro-

phenyl)-prop-2-yn-1-yl]-piperidine-3-carboxylic acid]) was the first hERG activator to be 

discovered and it selectively slows of hERG channel deactivation (Kang et al., 2005d), 

although a small positive shift in the voltage-dependence of inactivation is induced at 

higher concentrations. RPR260243 interacts with L553 and F557 in S5 and an adjacent 

region of S6 (N658, V659), which is thought to affect the rearrangements associated 

with deactivation and inactivation gating (Kang et al., 2005; Perry et al., 2007). In vitro 

investigations demonstrated that RPR260243 inhibits eag channels and has differential 
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affinity for hERG1a and hERG1b (Perry et al., 2008; Larsen et al., 2010). Its effect on 

hERG channels is selective with a moderate inhibitory effect on L-type calcium channels 

(Kang et al., 2005). RPR260243 has no discernible effect on AP parameters but was 

found to fully reverse the action potential prolongation caused by dofetilide block of 

hERG channels in guinea pig myocytes (Kang et al., 2005). In guinea pig Langendorff-

perfused hearts, RPR260243 increased the T-wave amplitude, prolonged the PR 

interval, and shortened the QT interval (Kang et al., 2005). In a study by Shi et al. that 

examined multiple arrhythmia markers in ex vivo zebrafish hearts, RPR260243 produced 

an increase in the post-repolarization refractory period, a decrease in action potential 

triangulation, and an increased slope of the electrical restitution curve (Shi et al., 2020).  

All in all, the biophysical evaluations and investigations in cellular and lower 

animal models suggest that it may be plausible to use Type 1 activators, such as 

RPR260243, that delay deactivation to prevent arrhythmias. It may be that increased 

hERG currents in late phase 3 and phase 4 would hinder the reactivation of L-type Ca2+ 

channels, that could resist the formation of EADs or premature action potentials (Kang et 

al., 2005; Shi et al., 2020; Du et al., 2010; Lu et al., 2001; Weiss et al., 2010). This thesis 

investigates how slowing the deactivation of hERG channels influences the development 

of arrhythmia markers and how this in turn may alter the trigger and substrate for LQTS-

associated arrhythmia. This thesis also explores the idea that matching the variant 

pathogenic mechanism with the mechanism of action of the hERG activator may be 

beneficial to prevent overcorrection. 

1.9. CRISPR-Cas9 gene editing in human stem cell-derived 
cardiomyocytes to model LQTS 

The growth of translational research has always been a direct result of the 

progress in basic scientific research. However, the idea of applying the results of basic 

research to the real-world patient problems has always been complicated. This is mostly 

because there aren't good disease models that are close to replicating human 

physiology. Inherited cardiac channelopathies are a group of conditions that have 

traditionally been hard to understand and link the genotype to the symptoms of the 

disease (Abriel et al., 2013; Behere et al., 2015). LQTS are an example of one of these 

sorts of disorders. Most of the research done on LQTS has used models of cells, lower 
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animal organs, and in silico simulations to decipher the underlying pathophysiological 

mechanisms (Nerbonne et al., 2001; Salama et al., 2007). The best situation would be to 

have access to human cardiomyocytes, but in order to do that, donors would be needed, 

and these cells can't replicate in vitro, which reduces their availability (Hoekstra et al., 

2012; Lippi et al., 2020). Because of this, most of what we know about cardiac 

channelopathies comes from heterologous expression systems and lower animal models 

(Hoekstra et al., 2012). However, these models are often not human, and may be 

missing important macromolecular complexes or downstream signalling cascade 

molecules that are needed to make an ion channel composition like that of native 

cardiomyocytes (McDonald et al., 1997; Watanabe et al., 2008; Hoekstra et al., 2012; 

Zhao et al., 2018). Animal models are also limited. The most common animal models 

used are mice, rats, rabbits, guinea pigs, pigs, and dogs (Varró et al., 1993; Nánási et 

al., 2021). While the basic diversity of ion channels is similar in humans and these 

models, there are big differences in the expression, composition, and kinetics of many 

ion channels, which leads to different electrophysiological properties (Varró et al., 1993; 

London, 2001; Nerbonne et al., 2001, 2003; Nánási et al., 2021). For example, the 

resting heart rate of a mouse is 600 to 700 bpm, which is 10 times higher than that of a 

human (London, 2001). Humans have distinct repolarizing currents, such as fast and 

slow components of the transient outward K currents (Ito and If), but guinea pig myocytes 

lack a robust Ito yet display robust IKs. Mice and rats don't have a pronounced plateau 

phase, because ICa is quickly inactivated, which means they handle calcium differently 

than humans (London, 2001; Nerbonne et al., 2001; Varró et al., 1993; Nánási et al., 

2021). There are big differences between rabbit and guinea pig myocytes expression 

and function of Ito, ICa and INa-late  (Nánási et al., 2021). Higher animal models like pigs 

also have different expression of ion channels, such as a lack of phase 1 current, having 

a higher density of delayed rectifier currents, and having different Ica and INa-late than 

humans (Nánási et al., 2021). Canine and human ventricular cells differ in the density of 

the IK1 current and the recovery kinetics of the Ito current. Canine cells have a four-fold 

larger density of IK1 and a somewhat different time course for Ito recovery from 

inactivation. Despite these differences, the study concludes that canine ventricular cells 

are a good model for human myocytes in electrophysiological studies. However, due to 

their stronger IK1, canine cells have a more pronounced repolarization reserve, and there 

may be moderate differences in the frequency-dependent repolarization patterns 

between the two species (Nánási et al., 2021). These differences in the expression of 
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ion channels influences the action potential, ECG, and response to drugs (Nerbonne et 

al., 2001), and the different heart rates between species affects the electrical properties 

of myocytes, which depend on the kinetics of the ion channels involved (Nánási et al., 

2021).  

In addition to the lack of a suitable model to comprehend the pathogenic 

mechanism of LQTS, the ever-increasing discovery of novel variants with unknown 

pathogenicity, known as variants of unknown significance (VUS) is a significant barrier to 

the accurate diagnosis and treatment of LQTS (Giudicessi et al., 2013; Wu et al., 2019). 

This highlights the need for subject-specific therapeutics development (Sala et al., 

2019). Human induced pluripotent stem cell (hiPSC) technology enables this. Since the 

discovery of the mechanisms required to turn human somatic cells into stem cells, a lot 

of new opportunities have opened up (Takahashi et al., 2006, 2007). As a result of being 

able to turn human somatic cells into pluripotent cells, there is now access to almost 

every type of cell that has reached its final functional form (Denning et al., 2016). 

Cardiomyocytes are one of the types of cells that can be made with this technology 

(Laflamme et al., 2007; Burridge et al., 2013; Denning et al., 2016). Initial strategies for 

obtaining cardiomyocytes relied on human embryonic stem cells (ESCs). This approach 

had its limitations due to immunogenicity and ethical issues over using human embryos 

as a cell source (Laflamme et al., 2007, 2011). The direct reprogramming of hiPSCs to 

cardiomyocytes has been developed by emulating endogenous cardiac developmental 

There is mounting evidence that successive activation and inhibition of four major 

singlining pathways—bone morphogenetic protein (BMP), transforming growth factor- 

(TGFβ)/activin/NODAL; Wnt; and fibroblast growth factor (FGF)—is sufficient to direct 

hiPSCs to differentiate into cardiac myocytes. (Burridge et al., 2012; Chen et al., 2016 

Evans et al., 2010; Zhang et al., 2012;). These proptocols produce a heterogenous 

population of hiPSC-CMs, with electrophysiological properties akin to human 

cardiomyocytes. Although these derived cardiomyocytes are functionally still immature 

compared to adult human cardiomyocytes (Burridge et al., 2012; Verkerk et al., 2017), 

the expression of all major ion channels has been confirmed and the cardiomyocytes 

also exhibit calcium handling comparable to human cardiomyocytes (Ma et al., 2011; 

Hwang et al., 2015). A key roadblock in cardiac research has been overcome thanks to 

the revolutionary hiPSC-CMs technology, which has made it possible to access a 

virtually endless source of hiPSC-CMs. As the field of cardiac in vitro disease modelling 
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using hiPSCs has advanced, hiPSC-CMs have become increasingly ubiquitous in 

research. 

The first demonstration of in vitro modeling of LQTS using hiPSC-CMs by Moretti 

et al. used patient-specific induced pluripotent stem-cells, which recapitulated the salient 

feature of LQTS1 such as reduced IKs, prolonged APD and the effect of β-blockade 

(Moretti et al., 2010). Many laboratories were subsequently able to successfully model 

LQTS2 using hiPSC-CMs that exhibited LQTS2 phenotypes, such as prolonged APD, 

reduced IKr, and early afterdepolarizations at the single cell level, and prolonged FPD 

and altered calcium handling at the monolayer level (Mehta et al., 2018, 2014; Matsa et 

al., 2014; Bellin et al., 2013; Sala et al., 2016; Terrenoire et al., 2013; Lahti et al., 2012; 

Itzhaki et al., 2011; Matsa et al., 2011; Perry et al., 2020). Some studies examined not 

only the phenotypic effects of the mutations, but also acquired LQTS using known hERG 

blockers, which again demonstrated a strong correlation with effects observed in 

humans (Matsa et al., 2011; Terrenoire et al., 2013). These models were successfully 

used to investigate the antiarrhythmic effects of hERG re-trafficking drugs (Mehta et al., 

2014), hERG activator molecules (Table 2) and also, RNA interference rescue of genetic 

and drug-induced arrhythmias (Matsa et al., 2011). Most of these studies used hiPSCs 

generated from patients, without relevant controls, which makes it hard to directly 

correlate results. Cells from healthy controls were often from a related family member, 

which is a problem because of the different genetic background and genetic modifier loci 

(Soldner et al., 2011). Because of this, it is important to study cells with a single variant 

of the loci as the only change to understand the effect of the variant. This is where 

another ground-breaking piece of technology has proved highly valuable. The Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR) with CRISPR associated 

protein (Cas9) system enables manipulation of the genome and CRISPR-Cas9 editing of 

genes has been proven useful for controlling transcription and changing epigenetics 

(Baliou et al., 2018; Wallace et al., 2019). CRISPR-Cas9 editing has also been used to 

understand the pathogenicity of LQTS variants in hiPSC-CMs (Wallace et al., 2019). 

Using CRISPR-Cas9 to induce variants in isogenic hiPSCs makes it possible to compare 

cells with the same genetic background. This allows for a reliable and repeatable study 

of the effects of variants on phenotype in a single genetic background (Bassett, 2017).  
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In recent years, a number of studies have evaluated the potential of hERG 

activators for targeted antiarrhythmic therapy for LQTS using hiPSC-CMs. Six hERG 

activators have so far been tested in hiPSC-derived LQTS models (Table 1-2) and their 

effect on APD90 and FPD are shown in Figure 1-10. The application of these activators in 

hiPSC-CMs harbouring LQTS2-associated variants shortened the APD90/FPD as a result 

of increased IKr current and reduced arrhythmia indicators, such as the incidence of 

EADs, and improved calcium handling properties. Both acquired and congenital LQTS 

conditions responded favourably to these activators, suggesting that they may have 

broad therapeutic value (Sala et al., 2016; Duncan et al., 2017; Qile et al., 2019; Perry et 

al., 2020). Moreover, the observation that LQTS1 KCNQ1 channel variant effects on the 

APD were attenuated by the application of the hERG activator ML-T531 demonstrates 

the potential for hERG activators in different contexts of LQTS (Zhang et al., 2012).  

Table 1-2.  List of hERG small molecule activators that have been evaluated in 
single cell and monolayer cultures of hiPSC-CMs and their effects. 

Activator Cell Line 
LUF7346 LQT1R594Q/JLNSR594Q ,  LQT2N996I/LQT2corr , LQT1R910Q/LQT1corr  
ML-T531 Wild-type hiPSC-CMs, Patient-derived LQTS1 hiPSC-CMs 

Ginsenoside RG3 Patient-derived LQTS2 hiPSC-CMs 
NS1643 Patient-derived LQTS2 hiPSC-CMs 

ICA-105574 LQT2A442T hiPSC-CMs 
PD-118057 KCNH2T618I hiPSC-CMs 
Lumacaftor KCNH2-G604S, KCNH2-N633S, KCNH2-R685P 

*Table courtesy of Imran Hudda 
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Figure 1-10. The decrease in APD90 and FPD from baseline as a result of hERG 

agonist application reported in studies using hiPSC-CMs. 
(*Bar graph courtesy of Imran Hudda) 

 

1.10. Zebrafish (Danio rerio) hearts as a whole organ model   

As introduced above, much of our understanding of congenital and acquired 

LQTS arises from studies using cell expression systems and lower animals, such as 

mice (Nerbonne et al., 2001; Salama et al., 2007; Hoekstra et al., 2012). Although mice 

are useful models for understanding cardiac diseases, their electrophysiology is 

fundamentally distinct from that of humans. They feature a relatively high intrinsic heart 

rate, a short action potential duration, different repolarizing currents, and a distinctive 

ECG profile (London, 2001). In addition to differences in electrophysiology, other higher 

animals, such rabbits and dogs, are often restricted in terms of available sample size 

and are expensive (Salama et al., 2007; Nánási et al., 2021). In recent years, zebrafish 

have gained popularity as a model organism for cardiac research, especially in the field 

of cardiac electrophysiology (Simpson et al., 2021). Indeed, there is a minimum of one 

zebrafish ortholog exists for an estimated 71.4% of human genes (Howe et al., 2013), 
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including several essential cardiac ion channel genes (Alday et al., 2014; Gauvrit et al., 

2022).  

Despite having a two-chambered heart, zebrafish have an ECG profile that is 

similar to that in humans (Figure1 11A), with a distinct P-wave, QRS complex, and T-

wave. Moreover, the zebrafish heart rate of 120–130 beats/min at 28°C is similar to the 

70–80 bpm observed in humans at 37°C, and they present a similar electrical impulse 

initiation and conduction system, as well as a similar ventricular APD (Baker et al., 1997; 

De Luca et al., 2014; Vornanen et al., 2015). A ring of tissue at the junction of the sinus 

venosus and atrium serves as the sinoatrial (SA) node in the zebrafish heart (Tessadori 

et al., 2012) and cell coupling is mediated by comparable connexin proteins to those in 

mammals, including orthologs of Cx40, Cx43, and Cx45 (Chi et al., 2010; Rattka et al., 

2021) . 

The electrical gradients that drive the heart's electrical cycle might not be quite 

the same as those observed in humans. An upward and narrow QRS complex in lead II 

is indicative of apico-basal stimulation and a more rapid activation in zebrafish than in 

humans. However, the zebrafish T wave is upright, indicating that repolarization 

proceeded in the basal-apical direction, just like it does in humans, and the average QT 

interval is 200-290 ms, which is comparable to that in humans (between 300 and 450 

ms) (Milan et al., 2006; Zhao et al., 2020). Zebrafish cardiomyocytes lack T-tubules and 

are proportionally smaller than those of other mammals (Brette et al., 2008).  

A 

 

B 

 

C 
 

Figure 1-11. Representative zebrafish ECG, human ventrciular action potential and 
zebrafish ventricular action potentail. 

 A.  ECG recording from a zebrafish whole heart displaying P, Q, R, and T waves. B. Typical 
ventricular action potential in humans and C. zebrafish. 

Depending on the heart rate, the zebrafish ventricular action potential consists of 

a rapid upstroke, a lengthy plateau period, and a rapid final repolarization phase with 
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durations comparable to those of humans (Figure 1-11C) (Brette et al., 2008; Nemtsas 

et al., 2010). Sodium channels are responsible for the rapid upstroke of the ventricular 

action potential in zebrafish as in humans, although zebrafish INa is more sensitive to 

tetrodotoxin (TTX) (Nemtsas et al., 2010b). ICa,L has been shown to have a role in 

sustaining the plateau phase, but zebrafish ventricular myocytes have a robust T-type 

Ca2+ current in addition, which suggests they may have a less developed phenotype 

than adult mammalian cardiomyocytes (Nemtsas et al., 2010; Zhang et al., 2011). The 

Na+/Ca2+ exchanger current has also been shown to contribute to Ca2+ entry at 

depolarized voltages during the plateau phase as in humans (Zhang et al., 2011). Both 

atrial and ventricular myocytes in adult zebrafish express IK1, albeit ventricular myocytes 

express it at a much higher density than atrial myocytes and the composition of IK1 is 

different in zebrafish than it is in humans (Nemtsas et al., 2010; Hassinen et al., 2015; 

Vornanen et al., 2015). Zebrafish express zERG channels, orthologues of hERG (Scholz 

et al., 2009b). Both the delayed rectifier IKr and IKs are expressed in adult zebrafish and 

they are the major players in repolarization (Nemtsas et al., 2010b; Abramochkin et al., 

2018). The biophysical properties of IKs in zebrafish are significantly different from 

humans due to different molecular composition (Abramochkin et al., 2018). In contrast to 

human Kv7.1 channels, which need MinK auxiliary β-subunits for conduction IKs, in 

zebrafish fish MinK auxiliary β-subunits were not an essential component. And also the 

activation of the zebrafish ventricular IKs was significantly faster than in mammalian 

cardiac myocytes (Abramochkin et al., 2018). Consistent evidence shows a predominant 

role for IKr in Phase 3 ventricular repolarization in zebrafish (Arnaout et al., 2007; Brette 

et al., 2008; Nemtsas et al., 2010; Hull et al., 2019). zERG channels, encoded by the 

zkcnh6a gene, are responsible for the conduction of IKr in zebrafish hearts (Langheinrich 

et al., 2003b; Marris et al., 2020; Nemtsas et al., 2010). Biophysically, zebrafish zkcnh6a 

channels are highly similar to their human orthologue, KCNH2a, with similar sensitivity to 

hERG activators and hERG-specific blockers (Hull et al., 2019).  These features make 

zebrafish an intriguing model to evaluate acquired arrhythmias due to hERG block and 

also to elucidate the mechanism of congenital LQTS (Simpson et al., 2021).  

In recent years, zebrafish have been used as a toxicological screening platform 

for drugs that may cause individuals to develop acquired LQTS. Blockade of the hERG 

channel by drugs is a serious problem for the development of drugs that has resulted in 

the withdrawal of some well-known medications (Kannankeril et al., 2010; Mandenius et 
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al., 2011). Moreover, it is estimated that between 35 and 40% of drug candidates are 

discarded during early development due to hERG toxicity concerns, while another 19% 

are discarded because of cardiotoxicity, or drug arrhythmias (Mandenius et al., 2011). 

Screen of 100 small molecules on zebrafish heart rate was able to precisely identify QT 

prolonging drugs that caused bradycardia and atrio-ventricular (AV) block (Milan et al., 

2003). It was shown that at all concentrations tested, the effects of the QTc prolonging 

drug, terfenadine, in adult zebrafish were well correlated with those seen in humans 

(Chaudhari et al., 2013). Further evidence that zebrafish may model repolarization 

disorders was shown by the treatment of the heterozygous zebrafish breakdance variant 

with the hERG specific blocker, dofetilide, which dramatically lengthened the APD 

(Huttner et al., 2013). Furthermore, the sea anemone toxin, ATX-II, which interferes with 

sodium channel inactivation, increased the APD in zebrafish, expanding the analogy to 

the human QT interval to encompass the LQTS3 condition (Huttner et al., 2013). 

Moreover, morpholino knockdown of zebrafish nitric oxide synthase 1 adaptor protein 

(NOS1AP) gene shortened ventricular APs and resulted in a consistent increase in the 

upstroke slope of the AP, providing mechanistic insight into the role of NOS1AP as a 

causal factor in QT interval variance in humans (Milan et al., 2009). 

Zebrafish have also been shown to be useful for screening for possible LQTS 

treatments. Two small molecules, flurandrenolide and 2-MMB, restored the zebrafish 

LQTS2 phenotype of the breakdance variant in embryos by reducing the ventricular APD 

(Peal et al., 2011). Using a simultaneous parallel excitation and emission detection 

(SPEED) microscopy, the effect of E4031 and the development of EADs as a result of IKr 

inhibition were observed in the hearts of zebrafish larvae (Sacconi et al., 2022). 

Screening for hERG blockers and possible activators in adult zebrafish hearts has also 

been shown to be feasible. The electrical responses of ex vivo hearts to hERG specific 

blockers were surprisingly similar to those observed in humans. Effects included a 

lengthened APD and a prolonged QT interval (Milan et al., 2009; Tsai et al., 2011; 

Genge et al., 2016; Hull et al., 2019). A variety of arrhythmogenic markers, such as the 

triangulation index (APD90-APD30), the steepness of the electrical restitution curve (ERC) 

(Shi et al., 2020), the beat-to-beat variability of the heart rate, and the post refractory 

repolarization period (PRRP), which is thought to be antiarrhythmic by reducing VT 

inducibility, have all been studied in the acquired LQTS condition using adult zebrafish 
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hearts (Shi et al., 2020). Furthermore, zebrafish have shown to be a valuable model for 

screening hERG specific activators (Shi et al., 2020; Hull et al., 2019).  

In addition to investigations of drug interactions, acquired LQTS, and the action 

of hERG activators, zebrafish have been used to study inherited LQTS. (Simpson et al., 

2021). It was previously thought that zkcnh2 was the zebrafish orthologue of human 

KCNH2, however studies analysing tissue-specific RNA extraction and qPCR, and 

biophysical characterization of channel function has shown that zkcnh6a is the more 

accurate match (Langheinrich et al., 2003; Scholz et al., 2009; Vornanen et al., 2015). A 

thorough investigation of zebrafish as a model of LQTS was performed by Arnaout et al. 

(2007). They showed that loss of IKr currents caused a silent ventricle phenotype and 

mortality by 10 days post-fertilization as a result of homozygous kcnh2a mutations, 

which is in line with previous discoveries that homozygous KCNH2 mutations are 

associated with embryonic lethality in humans (Hoorntje et al., 1999; Arnaout et al., 

2007; Teng et al., 2008). Lower upstroke velocities, reduced Ca2+ release, a depolarized 

ventricular cell membrane, and an inability to generate action potentials were all 

consequences of kcnh2a variants at the cellular level (APs). The APD of kcnh2a 

heterozygous variant embryos was prolonged, they were more sensitive to terfenadine 

block, and adult zebrafish demonstrated the electrocardiographic hallmarks of QTc 

prolongation seen in humans (Arnaout et al., 2007). It is most likely that the effects 

connected to kcnh2 variants in this study are attributable to variants in the zkcnh6a gene 

because it is the closest human ortholog to KCNH2 and shares the same biophysical 

function and pharmacological properties as human KCNH2 (Scholz et al., 2009; Hull et 

al., 2019). Several other studies have explored the consequences of inherited zERG 

variants. Reggae (reg) mutant zebrafish, which exhibit a gain of channel function, 

showed the clinical symptoms of human Short QT Syndrome, including a shortened QT 

interval and arrhythmias (Hassel et al., 2008).  Transgenic zebrafish carrying the 

SCN5A-D1275N variant showed bradycardia, conduction-system delay, and early death, 

which are all linked to the arrhythmogenic human cardiac sodium channel mutation in 

humans (Huttner et al., 2013). The homozygous kcnh6a loss-of-function breakdance 

(bre) zebrafish mutant produces abnormally prolonged action potentials, early 

afterdepolarizations, and 2:1 atrioventricular block (Chen et al., 1996; Peal et al., 2011). 

Finally, using a morpholino-based kcnh2 knockdown in embryonic zebrafish created a 

spectrum of repolarization deficits, including a depolarized membrane potential, 



37 
 

prolonged APD, and a repolarization-deficient phenotype (2:1 AVB or ventricular 

asystole) (Jou et al., 2013) demonstrating the efficacy of zebrafish as a model for 

attributing the pathogenicity of gene variants associated with LQTS.  

1.11. A translational approach: From the complexity of the 
individual cell to that of the entire organ 

Cardiovascular disease remains a significant cause of death globally, despite 

significant progress made towards its management. As such, there is a critical need for 

novel therapeutics to be developed (McClellan et al., 2019). However, the process of 

developing new drugs is both time-consuming and expensive, often taking between 10 

to 15 years and costing $1.5-2 billion (Sun et al., 2022). Unfortunately, even after 

cautious optimization in preclinical stages, almost 90% of drug candidates fail during 

phase I, II, and III clinical trials and drug approval due to reasons such as lack of clinical 

efficacy (40–50%), unmanageable toxicity (30%), poor drug-like properties (10–15%), 

lack of commercial needs (10%), and bad strategic planning (10%) (Dowden and Munro, 

2019; Harrison, 2016). 

In vitro models, including cell lines and tissues, are fundamental for the validation 

of therapeutic targets. In contrast, preclinical animal models are used for in vivo 

validation (Dowden and Munro, 2019; Harrison, 2016). Nonetheless, it is challenging to 

anticipate the true effects of a pharmaceutical candidate due to the biological differences 

between these models and humans (Moffat et al., 2017; Sun et al., 2022).The best-

known example of off-target activity is the drug-induced cardiotoxicity induced as a result 

of hERG channel block and this is one of the major hurdles in drug discovery and 

development. hERG block has been a primary reason for the withdrawal of many 

clinically approved drugs from the market (Kannankeril et al., 2010; Mandenius et al., 

2011). Therefore, in order to advance and resolve some of the challenges currently 

impeding the progress of developing novel therapeutics for cardiovascular disorders, a 

system or an approach that can capture the relevance of human disease is required. In 

recent years, a growing number of academic institutions and pharmaceutical companies 

have been employing translational research approaches in an effort to enhance the 

extent to which fundamental scientific findings can be applied to humans. To address my 

research question, I used the translational approach outlined in Figure1-12A-C. My 
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investigation sought to answer a fundamental question regarding the involvement of 

human cardiac hERG potassium channels in ventricular arrhythmias caused by loss-of-

function variants. The first purpose was to investigate the protective function of the 

hERG channels implicated in the suppression of arrhythmia. To do this, I used a 

mammalian heterologous expression system in combination with computational 

modeling to deduce the effects of a LQTS-associated variant on hERG protective current 

(Figure1-12A). The second question looked at whether arrhythmias could be prevented 

by using small molecules to slow down the deactivation kinetics of these channels. To 

address this, I used CRISPR-Cas9 edited hiPSC-CMs carrying the same hERG variant 

as a higher translational model to dissect the impact of the mutation and a hERG small 

molecule agonist on native IKr currents and the characteristics of the human ventricular 

action potential (Figure1-12B). The final approach was to use zebrafish hearts as a 

whole organ model to corroborate these findings to the organ-level complexity (Figure1-

12C). In this investigation, the use of models with differing degrees of complexity may 

allow for more translationally relevant predictions of the significance of hERG variant 

function in producing LQTS-associated arrhythmias and the potential use of hERG 

agonists in suppressing arrhythmias. 
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Figure 1-12. The translational strategies used in this thesis. 
A. Heterologous expression system (HEK-293 cells) and in silico investigation. B. in vitro 

modeling to investigate the pathogenicity of the LQTS2 variant and hERG small 

molecule activator testing. C. ex vivo zebrafish hearts as a whole organ model for 

studying the action of hERG small molecule activators in complex 3-D tissues.  
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Chapter 2. Electrophysiological characterization of 
the hERG R56Q LQTS variant and targeted rescue by 
the activator RPR260243 

This chapter summarises the work published in the Journal of General 

Physiology (Kemp et al. 2021) with minor alterations and formatting changes to conform 

to the style of the thesis. My contribution to this paper was the development of manual 

patch clamp assay for recording whole cell currents in transiently transfected HEK-293 

cells at 37˚C. I designed and conducted all experiment at 37°C. 

Jacob M. Kemp, Dominic G. Whittaker, Ravichandra Venkateshappa, ZhaoKai 
Pang, Raj Johal, Valentine Sergeev, Glen F. Tibbits, Gary R. Mirams, Thomas 
W. Claydon; Electrophysiological characterization of the hERG R56Q LQTS 
variant and targeted rescue by the activator RPR260243. J Gen Physiol 4 
October 2021; 153 (10): e202112923.  

2.1. Abstract  

Human Ether-a`-go-go (hERG) channels contribute to cardiac repolarization, and 

inherited variants or drug block are associated with long QT syndrome type 2 (LQTS2) 

and arrhythmia. Therefore, hERG activator compounds present a therapeutic opportunity 

for targeted treatment of LQTS. However, a limiting concern is over-activation of hERG 

resurgent current during the action potential and abbreviated repolarization. Activators 

that slow deactivation gating (type I), such as RPR260243, may enhance repolarizing 

hERG current during the refractory period, thus ameliorating arrhythmogenicity with 

reduced early repolarization risk. Here, we show that, at physiological temperature, 

RPR260243 enhances hERG channel repolarizing currents conducted in the refractory 

period in response to premature depolarizations. This occurs with little effect on the 

resurgent hERG current during the action potential. The effects of RPR260243 were 

particularly evident in LQTS2-associated R56Q mutant channels, whereby RPR260243 

restored WT-like repolarizing drive in the early refractory period and diastolic interval, 

combating attenuated protective currents. In silico kinetic modeling of channel gating 

predicted little effect of the R56Q mutation on hERG current conducted during the 

action potential and a reduced repolarizing protection against afterdepolarizations in 

the refractory period and diastolic interval, particularly at higher pacing rates. These 
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simulations predicted partial rescue from the arrhythmic effects of R56Q by RPR260243 

without risk of early repolarization. Our findings demonstrate that the pathogenicity of 

some hERG variants may result from reduced repolarizing protection during the 

refractory period and diastolic interval with limited effect on action potential duration, and 

that the hERG channel activator RPR260243 may provide targeted antiarrhythmic 

potential in these cases. 

 

2.2. Introduction 

Long QT syndrome (LQTS) is caused by dysfunction or altered regulation of one 

of several cardiac ion channel types and is characterized by a prolonged heart rate 

corrected QT (QTc) interval on the ECG in the absence of any obvious structural heart 

disease (Schwartz et al., 2012). With a risk of seizure, syncope, and sudden cardiac 

death associated with ventricular tachyarrhythmia, LQTS is a potentially fatal disorder 

with an acute onset. Approximately 25% of inherited LQTS cases and almost all cases of 

acquired LQTS arising from pharmacological QTc prolongation are associated with the 

Kv11.1 cardiac voltage-gated K+ channel (also known as human Ether-a`-go-go related 

gene; hERG), encoded by the KCNH2 gene (Tester and Ackerman, 2014). hERG 

channels underlie the rapid component of the delayed rectifier current (IKr) and are vital 

to the repolarization of cardiac tissue in phase 3 of the ventricular cardiac action 

potential (Sanguinetti et al., 1995; Trudeau et al., 1995). Loss of functional IKr current in 

inherited or acquired LQTS (designated LQTS type 2; LQTS2) results in delayed 

repolarization of cardiac muscle and prolongation of the cardiac action potential. Such 

delayed repolarization leaves cardiac tissue susceptible to early afterdepolarizations 

(EADs) and subsequent development of TdP and ventricular fibrillation (Curran et al., 

1995; Sanguinetti et al., 1995, 1996; Smith et al., 1996; Lu et al., 2001). 

The repolarizing drive arising from hERG channels in response to an action 

potential voltage waveform is readily apparent as a resurgent current and frequently 

used to characterize the functional consequences of inherited mutations or drug action. 

Less well studied is the repolarizing drive from hERG channels in response to premature 

depolarizations mimicking afterdepolarizations applied early in the refractory period 

(Miller, 1996; Lu et al., 2001; Perry et al., 2016). Robust transient repolarizing hERG 
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“protective currents” arise because hERG channels are slow to deactivate (Lu et al., 

2001; Du et al., 2010; Du et al., 2013). Depolarization drives hERG channels into open 

inactivated states from which they transition into a stable open relaxed state that 

involves stabilization of the activated voltage sensing region of the channel (Smith et al., 

1996; Hardman et al., 2007; Al-Owais et al., 2009; Gustina and Trudeau, 2011, 2012; Ng 

et al., 2012; Cheng et al., 2013; Hull et al., 2014; Shi et al., 2019). Upon repolarization, 

channels are slow to close from this stable relaxed state, and this contributes to robust 

channel availability in the refractory period and thus the presence of protective currents 

in response to premature stimulations (Lu et al., 2001; Lu et al., 2003; Du et al., 2010; 

Du et al., 2013; McPate et al., 2009; Melgari et al., 2014; Ng et al., 2014; Perry et al., 

2016). These studies demonstrate a potential critical role for hERG protective currents in 

resisting afterdepolarizations and suppressing arrhythmia generation.  

There is significant interest in the therapeutic potential of small molecule 

activators of hERG channels, which may alleviate loss of channel function, in the 

treatment and management of LQTS. However, over-activation of hERG resurgent 

current during the action potential leading to abbreviated repolarization remains a 

significant concern. Some small molecules act as activators of hERG channels by 

slowing deactivation gating (known as type I activators), such as RPR260243; however, 

their potential influence on hERG protective currents has not been tested. It is plausible 

that sensitivity to risk of afterdepolarizations and triggered activity caused by LQTS2-

associated mutations may be ameliorated by the action of RPR260243 without 

significant effect on hERG resurgent current during the action potential. Investigation of 

these effects would lead to improved understanding of the therapeutic potential of novel 

hERG activator compounds. 

In this study, we combine electrophysiological characterization of hERG channel 

behavior at room and physiological temperatures with mathematical modeling of channel 

kinetics to demonstrate the therapeutic potential of activator compounds that slow hERG 

deactivation gating and enhance repolarization resistance to premature depolarizations. 

Our combined approach provides a thorough characterization of R56Q mutant channel 

kinetics and evaluates the role of reduced hERG protective currents caused by the fast 

deactivation gating phenotype of R56Q mutant channels, which are associated with 

sudden death, and predicts consequent risk of arrhythmogenicity. Furthermore, we 
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investigate the ability of the activator compound, RPR260243, to enhance hERG 

protective currents and reduce afterdepolarization risk in WT and R56Q mutant 

channels. Our approach also aims to further validate a recently described kinetic 

modeling approach (Beattie et al., 2018; Lei et al., 2019a, b) by demonstrating faithful 

recapitulation and prediction of aberrant gating behavior in hERG channels at 

physiological temperature. 

2.3. Materials and methods 

2.3.1. Molecular biology 

For expression in Xenopus laevis oocytes, hERG1a WT or R56Q mutant channel 

cDNA, subcloned into a pBluescript SKII expression vector, was linearized using XbaI to 

synthesize complementary RNA (cRNA) using the mMessage mMachine T7 Ultra cRNA 

Transcription Kit (Ambion). Mutations were generated by conventional overlap extension 

PCR using mutagenic primers synthesized by Sigma-Genosys and confirmed by 

sequencing (Eurofins MWG Operon). For expression in human embryonic kidney (HEK) 

cells, hERG1a WT or R56Q mutant channel cDNA was subcloned into a pcDNA3 vector. 

2.3.2. hERG channel expression in Xenopus oocytes 

Experiments were conducted at 21°C in Xenopus oocytes and at 37°C in HEK 

cells. The latter approach enabled examination of the effects of the mutation at 

physiological temperature, and validation of the robustness and versatility of our 

mathematical modeling approach, which was previously used to recapitulate WT 

channel behavior at 21°C in Chinese hamster ovary cells using sinusoidal voltage 

protocols (Beattie et al., 2018) and Chinese hamster ovary cells at temperatures up to 

37°C using a shortened step protocol (Lei et al., 2019a, b). Thus, characterization at 

21°C and 37°C provided validation of mathematical modeling predictions of mutant 

behavior compared with that in WT, as well as validation of predictions using seed data 

sourced from complex recordings over long durations in Xenopus oocytes at 21°C and 

data from the shortened step protocol in HEK cells at 37°C. In agreement with the 

policies and procedures of the Simon Fraser University Animal Care Committee and the 

Canadian Council of Animal Care, stage V–VI oocytes were surgically isolated from 
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Xenopus frogs (Nasco) and injected with hERG cRNA as described previously (Shi et 

al., 2019). The twoelectrode voltage-clamp technique was used to record from injected 

oocytes with an OC-725C amplifier (Warner Instruments) and Digidata 1440 interface 

(Axon Instruments). Oocytes were perfused at 1 ml/min with ND96 solution containing 

(in mM) 96 NaCl, 3 KCl, 0.5 CaCl2, 1 MgCl2, and 5 HEPES, titrated to pH 7.4 with NaOH. 

Reagents were purchased from Sigma-Aldrich. Application of RPR260243 (Aobious) at 

different concentrations was achieved by 5 min perfusion of the compound at the desired 

concentration to allow complete exchange of bath solution, followed by repetitive 

depolarizations to +40 mV (from a holding potential of −100 mV) at 0.2 Hz, to achieve a 

steady-state level of block, before recordings. Glass microelectrodes were made from 

thin-walled borosilicate glass (World Precision Instruments) with a tip resistance of 0.2–

0.8 MΩ when filled with 3 M KCl. Current signals were acquired at 10 kHz sampling 

frequency and were low-pass filtered at 4 kHz (−3 dB, 8-pole Bessel filter). 

2.3.3. hERG channel expression in HEK cells 

HEK-293 cells were cultured in Dulbecco’s modified Eagle’s medium 

supplemented with 10% FBS at 37°C with 5% CO2. WT or R56Q mutant hERG pcDNA 

was cotransfected with GFP in pcDNA using lipofectamine 3000 (Invitrogen), and after 

14–16 h, cells were plated onto coverslips. Cells exhibiting green fluorescence were 

selected for whole-cell patch-clamp recording. Whole-cell patch-clamp recordings were 

performed using an Axon Instruments 200B amplifier and Digidata 1440 interface. 

Signals were acquired at 10 kHz sampling frequency and were low-pass filtered at 4 

kHz. Cells were perfused (2 ml/min) with external solution containing (in mM) 140 NaCl, 

4 KCl, 1.8 CaCl2, 1 MgCl2,10 glucose, and 10 HEPES, pH 7.4 with NaOH. Borosilicate 

glass capillaries (Sutter Instruments) were pulled using a P-97 puller (Sutter 

Instruments) to create patch electrodes, which were filled with internal solution 

containing (in mM) 130 KCl, 1 MgCl2, 1 CaCl2, 10 EGTA, 10 HEPES, and 5 Mg2+ATP, 

pH 7.2 with KOH. Patch electrodes had a tip resistance of 3.7–4.5 MΩ. Series resistance 

was compensated 60–70%, with no leak subtraction, using the amplifier circuitry. Bath 

temperature was monitored and maintained at 37°C using a TC-344B Warner 

Instruments temperature controller unit with bath chamber thermistor, a heated platform, 

and inline perfusion heater. External bath solution contained (in mM) 140 NaCl, 4 KCl, 

1.8 CaCl2,1 MgCl2, 10 glucose, and 10 HEPES, pH 7.4 with NaOH. Drugs were 
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dissolved in DMSO and diluted to the desired concentration in external solution. 

Application of RPR260243 and dofetilide at different concentrations was achieved by 5 

min perfusion of the compound. Upon whole-cell patch formation, recordings were made 

once the hERG tail current amplitude during a voltage step to −65 mV applied after a 2-s 

depolarizing step to +20 mV was stable (holding potential was −80 mV; frequency of 

voltage steps was 0.2 Hz). 

2.3.4. Voltage protocols and data analysis 

Data acquisition and analysis were performed using pClamp 10.2 (Axon 

Instruments) and SigmaPlot (Systat Software) software. Activation was measured during 

a voltage clamp protocol with physiologically relevant step durations that stepped the 

membrane potential from −100 to +60 mV in 10-mV increments for 250 ms (holding 

potential, −100 mV) before a 750-ms repolarizing step to −110 mV (inter-sweep was set 

to the minimum time allowing for full channel closure). Peak tail currents upon 

repolarization to −110 mV from each depolarizing voltage step were measured, 

normalized to the maximum peak tail current recorded, and used to plot G-V 

relationships. To measure deactivation kinetics, a 250-ms activating step to +40 mV 

(holding potential, −100 mV) was followed by 750-ms repolarizing steps to a range of 

voltages. The current decay observed during the 750-ms repolarizing step was fit with a 

two-term exponential function that afforded two time constants, τf and τs, along with the 

amplitudes contributed by each component, Af and As, respectively. The percentage 

contribution of the fast component to overall current decay was calculated from the 

relative fraction, Af / (Af + As). In this way, deactivation is assessed after channels are 

driven into open states, from which they rapidly inactivate and enter the relaxed state. 

Inactivation was measured using the rectification method described in Sanguinetti and 

Jurkiewicz (1990) from data recorded during the deactivation protocol outlined above. 

Maximal current amplitudes during the 750-ms repolarizing step were plotted against 

voltage to obtain the fully activated I-V relationship, and were plotted alongside the linear 

conductance observed at potentials ranging from −140 mV to −110 mV. The rectification 

factor R was calculated at each potential using the current plotted in the maximal I-V 

relationship, R= IhERG / [G*n*(Vt – Erev)], where G is the maximal conductance of hERG, n 

is the activation variable at +40 mV, Vt is the test potential, and Erev is the reversal 

potential. G-VAct and inactivation–voltage relationships were fitted with a Boltzmann 
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function, y= 1/{1 + exp[(V1/2 − V)/k]}, where y is the normalized peak conductance, V1/2 is 

the half-activation or -inactivation potential, V is the variable (test) voltage, and k is the 

slope factor. Protective current was measured using a voltage protocol adapted from 

Perry et al. (2016). Cells were held at −100 mV before receiving a stylized action 

potential waveform. 90% repolarization was taken to be analogous to 90% of the action 

potential duration (APD90), and Δt from 90% repolarization is referred to as the coupling 

interval. Beginning at −80 ms from 90% repolarization, 40-ms depolarizing steps to 0 mV 

were delivered at 10–20-ms intervals up to a coupling interval of 380 ms. Protective 

currents recorded during premature depolarization steps to 0 mV were measured by 

extrapolating single exponential fits to the current back to t = 0. All protective current 

amplitudes were normalized to whole-cell conductance to permit comparison between 

constructs and conditions. Whole-cell conductance was calculated by fitting the region of 

linear conductance at strongly hyperpolarized potentials, e.g., between −110 and −140 

mV, the slope of which is analogous to whole-cell conductance. Currents recorded in 

response to action potential waveforms were normalized to whole-cell conductance (at 

21°C) or peak tail current recorded in the same cell (at 37°C) to permit comparisons. 

For calibration and validation of the mathematical model, WT or R56Q 

membrane currents recorded at 21°C in Xenopus oocytes and at 37°C in HEK cells were 

used. We developed a series of protocols, including the previously described “staircase 

protocol” (Lei et al., 2019a), which enabled rapid collection of high-quality data from 

single cells (Figure 2-8). We adopted an approach used in our previous studies (Beattie 

et al., 2018; Lei et al., 2019a, b), in which both calibration and validation data for the 

model were collected from the same cell using short, information-rich protocols. 

Specifically, we performed three sweeps of a protocol which consisted of the staircase 

protocol (Lei et al., 2019a; used for calibration), followed by shortened versions of 

traditional square activation and inactivation protocols, followed by a previously 

developed protocol comprising a complex series of action potentials (Beattie et al., 

2018), ending with a repeat of the staircase protocol for quality control purposes. 

In between the first and second sweeps of the protocol, we washed in the hERG 

activator RPR, and in between the second and third sweeps of the protocol, we washed 

in the hERG blocker dofetilide (which also blocks the effects of RPR; Kang et al., 2005). 

In this way, we were able to obtain “control” traces by subtracting the third sweep from 
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the first, and “RPR” traces by subtracting the third sweep from the second. Repeating 

this for WT and R56Q hERG channels enabled us to obtain a set of cell-specific control 

and RPR traces for both. The dofetilide subtraction has the benefit of eliminating the 

effects of endogenous and leak currents (assuming the seal/leak does not change 

substantially during the recording). We used three of the highest quality recordings for 

each of WT and R56Q for parameter estimation. 

2.4. Statistical analysis 

All data are expressed as mean ± SD (n = sample size). Statistical comparisons 

between means were conducted using two-tailed paired or unpaired Student’s t test, or 

one-way ANOVA test as appropriate, with P < 0.05 taken as an indicator for statistical 

significance. P values are given, except when lower than 0.001, which is expressed as P 

< 0.001. 

2.5. Mathematical model 

The mathematical model structure used was informed by the trade-off between 

parameter identifiability and goodness-of-fit (Whittaker et al., 2020). We have shown 

previously that the simple 8-parameter Hodgkin–Huxley-style hERG model of Beattie et 

al. (2013), as also used by Di Veroli et al. (2013) at physiological temperature, can 

reproduce complex hERG dynamics relevant to action potential behavior with a high 

degree of accuracy for WT hERG channel currents from manual and automated patch-

clamp systems at a range of temperatures including physiological temperature (Beattie 

et al., 2018; Lei et al., 2019a, b). Nonetheless, as this study entailed investigation of the 

R56Q hERG mutation and the hERG activator RPR, both of which affect hERG 

deactivation, which does not appear to follow a single exponential time course 

(Vandenberg et al., 2012), we opted to extend the Beattie model to allow two time 

courses of deactivation. This structure has been used in previous investigations by Di 

Veroli et al. (2013) at ambient temperature and Li et al. (2016), although the exact 

number of parameters in the models depends on assumptions used about the symmetry 

of the activation/inactivation processes. In the model that we used, the current, IKr, was 

modeled with a standard Ohmic expression given by  
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where gKr is the maximal conductance, O is the open probability in the model, V is the 

transmembrane voltage, and EK is the K+ reversal potential, which was calculated 

according to 

 

where R is the ideal gas constant, T is the temperature, F is the Faraday constant, z is 

the valency of the ions (1 for K+), and [K+]o and [K+]i are the extracellular and intracellular 

K+ concentrations, respectively. We assumed Hodgkin–Huxley-like inactivation with a 

single “h” gate, and a three-state Markov model for activation (states C2a − C1a − Oa,). 

The system of equations is 

 

, 

 

 

 

 

where the open probability in Eq. 1 is given by O = Oah. An equivalent fully Markov 

model is shown in Figure 2-9 A with its states given by IO = Oa(1 − h), C1 = C1ah, IC1 = 

C1a(1 − h), C2 = C2ah, and IC2 = C2a(1 − h). The rates (a1, a2, ah, b1, b2, bh) are voltage-

dependent functions described by 12 kinetic parameters, θ = {p1, …, p12}, as shown in 

Figure 2-9 A. Simulations were run using Myokit (Clerx et al., 2016) and PINTS (Clerx et 

al., 2019a), with CVODE absolute and relative solver tolerances of 10−8. All codes and 

data required to reproduce our results are freely available at 

https://github.com/CardiacModelling/R56Q-modelling. To improve model predictions, 

simulations were run on three different cell datasets. 
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2.5.1. Parameter inference  

Briefly, maximum likelihood estimation was used to infer model parameters from 

the experimental data. As described previously (Clerx et al., 2019b), log-transforms were 

employed on the non–voltage-dependent parameters in the transition rates, i.e., p1, p3, 

p5, p7, p9, p11. We specified the following statistical model 

 , 

where  is given by Eq. 1 and noise was assumed to arise from a normal 

distribution, ~ (0, 2) (Lei et al. 2019a, Beattie et al. 2018). Under this scheme, the 

most likely parameter set is identical to that given by a least-sum-of-square-errors fit, so 

the log-likelihood of a given set of parameters for recording i is proportional to:  

 

where the sum is over time points in the current trace for the calibration protocol C 

(Figure 2-8). Our parameter inference scheme was repeated independently for WT and 

R56Q cells. We used the following assumptions in the scheme: (1) A set of “control” 

kinetic parameters, θControl, exists, which is shared across cells. (2) Addition of the hERG 

activator RPR alters the kinetics such that a second set of kinetic parameters θRPR is 

again shared across cells. (3) Maximal conductance is cell-specific and not altered by 

RPR.(4) Variability across cells is assumed to be due to an offset in the applied voltage 

command, which is likely a leading cause of kinetic variability in patch clamp recordings 

(Lei et al. 2019, 2020). In the model equations we thus defined the voltage as  = 

cmd− off, where Vcmd is the intended applied voltage command, and Voff was computed 

according to off  = K,measured− K, where EK,measured was determined on a cell-specific basis 

from the voltage at which current reversed in experimental recordings and EK is the 

Nernst potential given by Eqn (2). These assumptions gave us a likelihood of the form:  

 

where N is the number of cells, and LControl,i and LRPR,i, still defined by Eq. 3, are the 

control and RPR log-likelihoods, respectively, for the ith cell. Three cells (n = 3) were 
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used in the parameter inference for each of the WT and R56Q, so there was a vector of 

27 parameters in total for each {θControl, θRPR, gKr,i}i = 1,…,N (12 control kinetic parameters + 

12 RPR kinetic parameters + 3 cell-specific conductances). We selected only the three 

cells with highest data quality as this approach demands very good quality 

measurements to be maintained across the RPR260243 and dofetilide addition to give 

accurate subtracted traces, but it is important to note that we make cell-specific 

predictions (for protocols V1–V3 as seen in Figure 2-8), which we then test to gain 

confidence in the accuracy of the inferred kinetic parameters. 

2.5.2. Whole-cell human ventricular action potential modeling 

The model of IKr was subsequently incorporated into the O’Hara–Rudy dynamic 

(ORd) model of the human ventricular action potential (O’Hara et al., 2011) for 

investigations of wholecell behavior. The maximal conductance, GKr, was set to 0.038 

A/F to give approximately the same APD at 1 Hz pacing frequency as that of the original 

ORd model. To investigate inducibility of action potentials during late repolarization, we 

applied rapid pacing at 2.5 Hz in order to reveal differences in protective current (due to 

differences in the amount that hERG deactivates during successive pulses), and then 

applied a short, suprathreshold stimulus 305 ms following the previous stimulus. 

2.6. Results 

2.6.1. Pharmacological slowing of deactivation kinetics rescues 
attenuated protective currents in response to premature 
depolarizations 

Application of the hERG activator, RPR260243, caused a concentration-

dependent slowing of deactivation kinetics in WT and R56Q mutant channels at both 

21°C (in oocytes) and 37°C (in HEK cells). Figure 2-1 shows that the R56Q mutation 

accelerated both fast and slow components of deactivation and increased the 

contribution of the fast component (see also Table 2-1). RPR260243 selectively delayed 

the slow component of deactivation in WT and R56Q mutant channels at both 

temperatures tested and increased its contribution at 37°C, but not at 21°C. Indeed, the 

typically fast deactivation kinetics in R56Q mutant channels became more WT-like in the 

presence of RPR260243. Figure2-2 characterizes the effects of RPR260243 on the 
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biophysical gating properties of WT and R56Q mutant channels, besides deactivation. 

Step voltage waveforms were used to describe the voltage dependence and/or time 

dependence of activation and inactivation gating at 21°C (Figure 2-2, A–E), while an 

informationrich shortened voltage “staircase protocol” waveform (Figure 2-2 F; see also 

Materials and methods) was used to describe these parameters with improved efficiency 

at 37°C (Figure 2-2, F–I). These data show that the effect of both the R56Q mutation 

and the action of RPR260243 were principally targeted toward deactivation, with a small 

additional effect on activation and inactivation, and no effect on recovery from 

inactivation (Figure 2-2; see also Table 2-1).  

To assess the influence of manipulations of deactivation gating kinetics on hERG 

protective currents, we measured currents in response to premature stimulations (Figure 

2-3). Figure 2-3, A–D, shows the effect of RPR260243 on WT channel currents at 21°C 

and 37°C during a voltage protocol (adapted from Perry et al., 2016) designed to mimic 

premature depolarizations arriving at different coupling intervals following a stylized 

action potential waveform. As previously observed, brief premature depolarizations (40 

ms to 0 mV) applied during the refractory period following an action potential–like 

voltage waveform elicited robust transient repolarizing hERG currents, which have been 

described to be protective (Lu et al., 2001; Lu et al., 2003; Du et al., 2010; Du et al., 

2013; McPate et al., 2009; Melgari et al., 2014; Perry et al., 2016). Peak hERG 

protective currents were normalized to maximal channel conductance and plotted 

against the coupling interval between 90% repolarization of the action potential–like 

waveform and the premature depolarization (Figure 2-3, E and F; see Materials and 

methods). Similarly to previous descriptions (Lu et al., 2001; Lu et al., 2003; Du et al., 

2010; Du et al., 2013; McPate et al., 2009; Melgari et al., 2014; Perry et al., 2016), 

premature stimulations produced robust transient repolarizing hERG protective currents 

in WT channels that peaked when the premature depolarization was applied at a 

coupling interval (Δt from 90% ramp repolarization) of 19 ± 5.2 ms (n = 15) at 21°C and 

−1.9 ± 8.9 ms (n = 5) at 37°C. Application of RPR260243 (Figure 2-3, B and D) had little 

effect on the amplitude and timing of the peak hERG protective current recorded at any  
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Figure 2-1  PR260243 (RPR) slows deactivation kinetics in WT and R56Q LQTS2-

associated mutant channels in a concentration-dependent manner.  
(A and B) Typical current traces recorded in response to the voltage protocol shown at 21°C from 
Xenopus oocytes (A), and at 37°C from whole-cell patchclamp of HEK cells (B) during control 
conditions (C) and in response to application of RPR260243 at the indicated concentration. 
Recordings from WT channels are shown in black, and from R56Q mutant channels in blue. (C 
and D) Plots of mean deactivation time constants (left) and their relative amplitude (right) derived 
from double exponential fits of current decay during deactivation at 21°C (C; n =5 for WT, n = 6 
for R56Q) and 37°C (D; n = 5). Relative amplitudes are represented as the fast phase amplitude 
relative to the amplitude of total current decay (see Materials and methods, as well as Table 2-1). 
*, significant difference from control value; **, significant difference from WT control value. 
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Table 2-1 

 
 RP

R 
Activation Deactivation (at −110 mV for 21°C, 

at −60 mV for 37°C) 
Inactivation Inactivation 

recovery 
V1/2  
(mV) 

k 
(mV) 

fast  
(ms) 

slow  
(ms) 

% Afast V1/2  
(mV) 

k  
(mV) 

-90mV  
(ms) 

21
°C 

WT Ctrl −11.9 ± 
2.8 

10.3 ± 
0.8 

36.4 ± 
10.6 

166.8 ± 
134 

81 ± 5.9 −55.8 ± 
6.1 

−19.2 
± 0.9 

8.8 ± 3.7 

1 
μM 

- - 36.2 ± 5.9 182.8 ± 54 83 ± 4.4 - - - 

3 
μM 

- - 28.5 ± 7.8 221.7 ± 
102 

86 ± 2.7 - - - 

10 
μM 

−14.1 ± 
3.4a 

10.6 ± 
0.7 

40.9 ± 3.1 953.7 ± 
252a 

79 ± 4.6 −44.0 ± 
6.6a 

−17.6 
± 0.8 

4.2 ± 1.3 

R5
6Q 

Ctrl −10.5 ± 
2.7 

10.5 ± 
0.3 

15.7 ± 
1.6b 

114.0 ± 
20.9b 

94 ± 2.7b −41.5 ± 
8.5b 

−19.6 
± 2.3 

5.5 ± 2.3 
 

1 
μM 

- - 14.9 ± 0.4 166.6 ± 
30.1 

95 ± 0.8 - - - 

3 
μM 

- - 17.2 ± 1.8 188.0 ± 
31.4 

89 ± 1.5 - - - 

10 
μM 

−12.3 ± 
3.2a 

10.7 ± 
0.6 

20.1 ± 0.9 223.2 ± 
16.1 

85 ± 1.9a −40.5 ± 
8.3 

−20.4 
± 1.6 

6.3 ± 2.7 

37
°C 

WT Ctrl −25.8 ± 
3.1 

6.2 ± 
0.6 

161 ± 43 866.8 ± 
288 

55 ± 7.3 −34.3 ± 
10.4 

−20.0 
± 0.5 

1.5 ± 0.3 

1 
μM 

- - 162 ± 24 1,595 ± 
124 

40 ± 6.3a - - - 

3 
μM 

- - 129 ± 35 2,526 ± 
231 

20 ± 4.8a - - - 

10 
μM 

−26.5 ± 
3.4 

5.9 ± 
0.7 

54.9 ± 14a 6,029 ± 
2,699a 

7.2 ± 3.9a −27.1 ± 
6.8 

−19.3 
± 1.7 

1.6 ± 0.3 

R5
6Q 

Ctrl −15.8 ± 
3.9b 

7.9 ± 
2.3 

43.5 ± 
5.1b 

539.8 ± 
322 

93 ± 5.7b −10.9 ± 
16.9b 

−19.9 
± 2.1 

1.4 ± 1.1 

1 
μM 

- - 50.2 ± 8.2 1,440 ± 
276 

74 ± 4.3a - - - 

3 
μM 

- - 59.8 ± 8.5 1,850 ± 
432 

51 ± 5.7a - - - 

10 
μM 

−21.5 ± 
6.0a 

7.1 ± 
1.6 

46.0 ± 10 1,520 ± 
533 

37 ± 
10.5a 

−15.0 ± 
14.7 

−17.8 
± 4.4 

1.7 ± 1.4 

Ctrl, control. aSignificant difference compared to control (drug versus control). bSignificant difference compared to 
construct (R56Q versus WT). (n = 5 - 7 for WT, n = 5 - 8 for R56Q) 
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Figure 2-2 Effects of RPR260243 (RPR) on biophysical properties of WT and R56Q 

mutant hERG channels. 
A-E- data from Oocytes and F-I data from HEK cells. (A and B) Typical current traces recorded at 
21°C in response to activation (A) and deactivation/inactivation (B) voltage protocols of 
physiological duration from WT (left) and R56Q mutant (right) channels, with control recordings 
shown (upper), and recordings from the same oocyte in the presence of 10 μM RPR260243 
(lower). (C) Plots of mean G-V relationships describing activation of WT and R56Q mutant 
channels in the absence and presence of RPR260243 (n = 7 for WT, n = 8 for R56Q). (D) Plots of 
mean G-V relationships describing inactivation in WT and R56Q mutant channels in the absence 
and presence of RPR260243 (n = 5 for both WT and R56Q). Inactivation–voltage relationships 
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were calculated using the rectification approach from fully activated current–voltage relationships 
(inset) as described in the Materials and methods section. (E) Plots of mean τ values of the time 
course of the recovery from inactivation in WT and R56Q mutant channels in the absence and 
presence of RPR260243 (n = 5 for both WT and R56Q). (F) Typical current trace recorded from 
WT channels in response to a shortened single sweep voltage waveform used to derive gating 
parameters at 37°C (voltage waveform shown in gray). This information-rich voltage waveform 
protocol enables measurement of the voltage-dependence of activation (left portion between 
arrows) and inactivation (right portion between arrows) from a single sweep, improving efficiency 
of data collection at 37°C. To measure activation, currents were measured in response to 
successive 1,500-ms depolarizing steps applied from −50 mV to +40 mV in 15-mV increments 
followed by a 800-ms step to −40 mV (holding potential, −80 mV; time at holding potential 
between successive voltage steps, 200 ms). To measure inactivation, currents were measured 
from successive 800-ms repolarizing steps applied from −140 mV to +40 mV in 30mV increments 
following a 500-ms depolarizing step to +20 mV. (G–I) Plots of mean activation (G) and 
inactivation (fully activated current voltage relationship used for rectification approach shown in 
the inset; H) G-V relationships, and the mean τ values for the kinetics of recovery from 
inactivation (I) recorded at 37°C. *, significant difference from control value; **, significant 
difference from WT control value. 

concentration tested (P = 0.16 at 21°C, and P = 0.56 at 37°C), but greatly enhanced 

hERG protective current amplitudes at longer coupling intervals in a concentration-

dependent manner (Figure 2-3, E and F). For example, the hERG protective current 

amplitude at a coupling interval of 100 ms was increased from 0.59 ± 0.09 that of the 

peak hERG protective current in control conditions to 0.74 ± 0.04 in the presence of 10 

μM RPR260243 at 21°C (P = 0.017, n = 5; one-way ANOVA with Holm–Sidak post hoc 

test), while equivalent values at 37°C were 0.26 ± 0.09 and 0.69 ± 0.16 (P < 0.001, n = 

5; one-way ANOVA with Holm–Sidak post hoc test). The presence of RPR260243 

markedly increased hERG protective currents even at the longest coupling interval 

tested (375 ms), suggesting increased availability of channels during the diastolic period 

and the potential for enhanced rate-dependent accumulation of open channels with the 

activator (see below). 

The effect of RPR260243 application on hERG protective currents in response to 

premature stimulations in R56Q mutant channels is shown in Figure 2-4. The R56Q 

mutation greatly reduced hERG protective currents in the refractory period compared 

with those in WT channels at both 21°C and 37°C (Figure 2-4, A and C) as a result of 

accelerated deactivation gating. However, application of 10 μM RPR260243 increased 

R56Q hERG protective currents (Figure 2-4, B and D). Figure 2-4, E and F, plots R56Q 

hERG protective currents at different coupling intervals. In the absence of RPR260243, 

R56Q hERG protective currents at coupling intervals ≥0 ms were reduced compared 
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with WT (dashed line). Application of RPR260243 resulted in a concentration-dependent 

increase in hERG protective currents passed by R56Q mutant channels in response to  

 
Figure 2-3 hERG protective current is increased by RPR260243 (RPR) in a 

concentrationdependent manner 
(A–D) Typical current traces recorded from WT hERG channels in response to the premature 
stimulation protocol shown in the absence (black) and presence (green) of 10 μM RPR260243 at 
21°C from Xenopus oocytes (A and B), and 37°C from HEK cells (C and D). (E and F) Mean peak 
current amplitudes in response to premature stimulations (protective currents) plotted against the 
coupling interval (Δt from 90% repolarization of the action potential-like waveform) recorded in the 
absence (black symbols) and presence (green symbols) of the indicated concentration of 
RPR260243 at 21°C (E; n = 5 for all data except n = 4 with 30 μM) and 37°C (F; n = 5) 

premature stimulations in the refractory period. Application of RPR260243 increased the 

R56Q hERG protective current such that the available repolarizing current was similar 
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to, or even greater than, that in WT channels, depending on the drug concentration and 

the coupling interval. This can be seen more clearly in Figure 2-4, G and H, which plots 

the hERG protective current recorded in R56Q channels as a fraction of WT channels at 

a number of coupling intervals and with increasing concentrations of RPR260243. In the 

absence of RPR260243 (Figure 2-4, G and H, blue symbols), the R56Q mutation 

reduced hERG protective currents in response to premature depolarizations with the 

most prominent effect observed at a coupling interval of 100 ms (the longest coupling 

interval that produced a measurable protective current in R56Q mutant channels). At a 

coupling interval of 100 ms, the hERG protective current in R56Q mutant channels was 

0.18 ± 0.09 (at 21°C) and 0.46 ± 0.16 (at 37°C) that of WT amplitude at 100 ms (Figure 

2-4, G and H). This R56Q hERG protective current at a coupling interval of 100 ms was 

0.15 ± 0.07 (21°C, n = 5) and 0.09 ± 0.02 (37°C, n = 5) that of the peak protective 

current recorded in R56Q channels (Figure 2-4, E and F). The peak hERG protective 

current in R56Q mutant channels also occurred at a shorter coupling interval than in WT 

channels (Figure 2-4, I and J). The coupling interval in R56Q channels was −33.3 ± 16.3 

ms compared with 18.7 ± 5.2 ms in WT channels at 21°C (n = 5, P < 0.001, t test) and 

−36.9 ± 13.9 ms compared with −1.9 ± 8.9 ms in WT channels at 37°C (n = 5, P < 0.001, 

t test). Additionally, the amplitude of the peak hERG protective current in R56Q mutant 

channels was reduced compared with that in WT channels at 21°C (P < 0.001), but not 

at 37°C (P = 0.271; Figure2-4, G and H).  

Application of the highest concentration of RPR260243 tested increased R56Q 

mutant channel protective currents at a coupling interval of 100 ms 4.0 ± 0.9–fold at 

21°C and 4.9 ± 1.1–fold at 37°C (Figure 2-4, E–H). Approximate restoration of WT 

behavior at a coupling interval of 100 ms occurred in the presence of 30 μM RPR260243 

at 21°C and 3 μM at 37°C, suggesting a possible temperature dependence to the effect 

size (see Discussion). Application of RPR260243 also increased the coupling interval at 

which the peak hERG protective current amplitude occurred in R56Q mutant channels at 

21°C and at 37°C (Figure 2-4, I and J). At the highest concentration of RPR260243 

tested, the coupling interval at which the peak hERG protective current occurred in 

R56Q mutant channels was increased by 24.0 ± 16.8 ms at 21°C (n = 5, P = 0.033, 

paired t test) and 24.0 ± 8.9 ms at 37°C (n = 5, P= 0.004, paired t test), and became 

more WT-like. At 21°C, 30 μM RPR260243 also increased the peak hERG protective 

current in R56Q mutant channels, restoring the peak amplitude to WT-like control levels 
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Figure 2-4. RPR260243 (RPR) restores attenuated protective current in R56Q 
mutant channels.  
(A–D) Typical current traces recorded from R56Q mutant channels in response to the premature 
stimulation protocol shown in the absence (blue) and presence (red) of 10 μM RPR260243 at 
21°C from Xenopus oocytes (A and B) and 37°C from HEK cells (C and D). (E and F) Mean peak 
protective currents plotted against the coupling interval recorded in the absence (blue) and 
presence (red) of the indicated concentration of RPR260243 at 21°C (E; n = 5) and 37°C (F; n = 
5). WT protective current amplitudes recorded under control conditions (absence of RPR260243) 
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from Figure 2-3 are also shown (dotted lines) for the purpose of comparison. (G and H) Plots of 
mean protective current at different coupling intervals in the refractory period (0–100 ms; PC0–

100ms) in R56Q mutant channels as a fraction of that in WT channels in the absence (C, control; 
blue) and presence (red) of a range of RPR260243 concentrations at 21°C (G; n = 5) and 37°C 
(H; n = 5). Dashed black lines indicate WT values. (I and J) Left: Plots of mean peak protective 
current amplitude (PCPeakAmp) in R56Q mutant channels as a fraction of that in WT channels in the 
absence (C, control; blue) and presence (red) of a range of RPR260243 concentrations at 21°C 
(I; n = 5) and 37°C (J; n = 5). Dashed black lines indicate WT values. Right: Plots of mean 
coupling interval at which the peak protective current was observed (PCTime of Peak) in the absence 
and presence of RPR260243 in WT and R56Q mutant channels (n = 5). *, significant difference 
from control value; **, significant difference from WT control value. 

2.6.2. RPR260243 restores attenuated early transient hERG channel 
currents during action potential waveforms with little effect on 
resurgent current 

To investigate how the above findings influence repolarizing current during the 

action potential, we explored the effects of application of RPR260243 on hERG currents 

flowing during a simulated action potential voltage waveform at 21°C and 37°C (Figure 

2-5). Typical hERG current traces (e.g., in Figure 2-5 A) describing the temporal 

development of hERG resurgent current during the action potential waveform were used 

to derive current–voltage relationships for quantitative evaluation of the effect of 

perturbations by mutation or activator compound. These relationships show that a robust 

transient hERG current is passed upon initial depolarization of the membrane followed 

by a slower hERG resurgent current that peaks in phase 3 of the action potential (Figure 

2-5 A). Voltage waveforms applied with increasing frequency resulted in an increase in 

the transient hERG current without appreciable effect on the hERG resurgent current 

(Figure 2-5, A and B). This finding is consistent with the observation that the transient 

hERG current is conducted by open channels that failed to close during the previous 

diastolic period (Hua and Gilmour, 2004; Perry et al., 2016). Application of 10 μM 

RPR260243 increased WT hERG currents flowing during the action potential waveform 

when applied at 1 Hz at 21°C and 37°C (Figure 2-5, C–F). The transient hERG current, 

whose amplitude was 1.05 ± 0.22 at 21°C and 0.36 ± 0.11 at 37°C relative to the peak of 

the hERG resurgent current, was dramatically increased 12.4 ± 4.6–fold at 21°C (n = 4, 

P = 0.007, paired t test) and 5.3 ± 1.3–fold at 37°C (n = 5, P = 0.002, paired t test) by 10 

μM RPR260243. In contrast, the effect on the hERG resurgent current was more muted, 

with 10 μM RPR260243 causing a 1.6 ± 0.2–fold change at 21°C (n = 4, P < 0.001, 

paired t test) and a 1.4 ± 0.2–fold change at 37C° (n = 5, P= 0.035, paired t test). There 

was an equally modest change in the timing of the peak of the hERG resurgent current 
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during the action potential waveform in the presence of RPR260243 (Figure 2-5, E and 

F), which reached significance at 37°C (P = 0.046), but not at 21°C (P = 0.358). 

 
Figure 2-5 RPR260243 (RPR) increases early transient hERG channel current 

during action potential voltage waveforms.  
Left: Typical current traces recorded from WT hERG channels at 21°C in response to the 

action potential voltage waveform shown by the dashed gray line applied at the indicated 
stimulation frequency. Right: Current–voltage relationships derived from WT hERG channel 
currents at the indicated stimulation frequency. Plots of the mean peak early transient current 
(Peaktransient, left), peak resurgent current (Peakresurgent, middle), and mean voltage at which the 
peak resurgent current occurred (Peakvoltage, right) at the indicated stimulation frequency (n = 4). 

Typical current traces (left) and current-voltage relationships (right) recorded from WT 
hERG channels in response to the action potential voltage waveform shown (gray) applied at 1 
Hz in the absence (black) and presence (green) of 10 μM RPR260243 at 21°C (C) and 37°C (D). 

Plots of mean Peaktransient, Peakresurgent, and Peakvoltage in the absence (control; open 
boxes) and presence (green boxes) of 10 μM RPR260243 at 21°C (E, n = 5) and 37°C (F, n = 5). 
Ctrl, control. *, significant difference from control value. 

We next investigated the effect of RPR260243 application on repolarizing 

currents conducted during an action potential waveform in R56Q mutant channels at 

21°C (Figure 2-6 A) and 37°C (Figure 2-6 B). Comparison of the peak amplitude of the 

hERG resurgent current, and the voltage at which the peak of the hERG resurgent 
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current occurred during the action potential, revealed that the R56Q mutation had only 

small effects compared with WT at both 21°C (Figure 2-6 C) and 37°C (Figure 2-6 D).  

 
Figure 2-6 RPR260243 (RPR) restores reduced early transient hERG current in 

R56Q mutant channels.  
(A and B) Typical current traces (left) and current–voltage relationships (right) recorded from 
R56Q mutant channels in response to the action potential voltage waveform shown (gray) applied 
at 1 Hz in the absence (R56Q Ctrl; blue) and presence (R56Q +RPR; red) of 10 μM RPR260243 
at 21°C (A) and 37°C (B). WT data from Figure 2-4 are shown for the purposes of comparison 
(WT Ctrl; black). (C and D) Plots of mean peak early transient current (Peaktransient, left), peak 
resurgent current (Peakresurgent, middle), and mean voltage at which the peak resurgent current 
occurred (Peakvoltage, right) in R56Q mutant channels in the absence (control; blue boxes) and 
presence (red boxes) of 10 μM RPR260243 at 21°C (C, n = 5) and 37°C (D, n = 5). WT data from 
Figure 2-4 are shown for the purposes of comparison (open boxes). *, significant difference from 
control value; **, significant difference from WT control value. 

These observations are consistent with previous findings that the R56Q mutation 

has limited effects on hERG resurgent current during the action potential (Chen et al., 

1999; Berecki et al., 2005; Gianulis and Trudeau, 2011). In contrast, the R56Q mutation 

dramatically reduced the amplitude of the transient hERG current at both temperatures. 

The transient hERG current was almost absent in R56Q mutant channels. Time-

matched measurements of the transient hERG current indicated that they were 0.06 ± 

0.04 at 21°C and 0.05 ± 0.02 at 37°C that of the peak hERG resurgent current. 

Application of 10 μM RPR260243 largely restored WT-like transient hERG current 

amplitude in R56Q mutant channels, increasing the repolarization 15.4 ± 8.3–fold at 

21°C (n = 5, P < 0.001, paired t test) and 10.9 ± 5.8–fold at 37°C (n = 55, P 0.032, 

paired t test). On the other hand, the application of RPR260243 had limited effects on 

the peak of the hERG resurgent current through R56Q mutant channels: the peak hERG 
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resurgent current amplitude with RPR260243 was 1.25 ± 0.18 (at 21°C, P = 0.042) and 

1.01 ± 0.29 (at 37°C, P = 0.889) that without the activator; also, the timing of the peak of 

the hERG resurgent current was not significantly altered (P = 0.280 at 21°C and P = 

0.313 at 37°C). 

To explore these findings further, we applied a train of action potential waveforms 

with heterogeneous morphology and compared the current conducted by WT and R56Q 

mutant channels at 37°C (Figure 2-7). This train of complex waveforms commands 

voltage changes that might be predicted from a range of cardiac tissue types and 

includes simulated afterdepolarizations (Beattie et al., 2018; Cooper et al., 2016). This 

enabled assessment of the effects of the mutation and drug on a range of action 

potential morphologies, rather than a single stylized ventricular action potential, to 

provide greater predictive insight. An overlay of typical currents elicited by this complex 

series of action potential waveforms in WT and R56Q mutant channels normalized to 

maximal channel conductance is shown in Figure 2-7 B with hERG currents during 

selected action potentials expanded below (Figure 2-7 B, i–iii). Consistent with our 

hypothesis, these typical overlays show only a small difference in the R56Q hERG 

resurgent current compared with WT. In contrast, there was a pronounced reduction in 

the transient hERG current caused by the mutation (Figure 2-7 B, i). This can be seen 

clearly in Figure 2-7 D, i, which plots the mean transient hERG current relative to the 

hERG resurgent current in WT and R56Q mutant channels. Moreover, the typical current 

traces in Figure 2-7 B, ii, show that the R56Q mutation caused a robust reduction in the 

hERG current available in response to premature depolarizations arriving early in the 

refractory period. In these action potential complexes, WT channels produced robust 

current in response to premature depolarization. Plots of the mean peak current 

amplitude in response to premature depolarization (Figure 2-7 D, ii) show that these 

currents were reduced 4.5-fold in R56Q mutant channels (n = 4, P < 0.001, one-way 

ANOVA with Holm–Sidak post hoc test), suggestive of decreased protection against the 

induction of triggered activity. 
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Figure 2-7 RPR260243 (RPR) enhances attenuated protective repolarizing hERG 

current in R56Q mutant channels.  
(A) Complex action potential voltage waveform train used to assess repolarizing current under a 
variety of stimulation scenarios. (B) Top: Typical current traces recorded from WT (black) and 
R56Q mutant (blue) channels at 37°C in response to the waveform in A. Bottom: Selected action 
potentials from the train (indicated by i–iii) highlight repolarizing current in WT and R56Q mutant 
channels passed in response to a ventricular-like action potential waveform (i, left), a premature 
depolarization arriving early in the refractory period (ii, middle), and an EAD (iii, right). (C) As in B, 
but with typical traces recorded from R56Q mutant channels in the absence (Ctrl, control; blue) 
and presence (+RPR; red) of 10 μM RPR260243. (D) Plots of mean repolarizing current 
parameters from i–iii in WT under control conditions (WT Ctrl; open boxes; n = 5) and R56Q 
mutant channels in the absence (R56Q Ctrl; blue boxes; n = 5) and presence of 10 μM 
RPR260243 (R56Q RPR; red boxes; n = 5). Plots show the amplitude of the early transient 
current relative to the peak resurgent current (i), the amplitude of the protective current in 
response to premature depolarization relative to the peak resurgent current (ii), the peak 
amplitude of repolarizing current during an EAD relative to the peak resurgent current (iii, left), 
and the voltage at which the peak repolarizing current during an EAD occurred (iii, right). *, 
significant difference from control value; **, significant difference from WT control value. 

Figure 2-7 C plots the overlay of typical current traces from R56Q mutant 

channels in the absence and presence of 10 μM RPR260243 with selected action 

potentials expanded in Figure 2-7 C, i–iii. Application of RPR260243 restored the 

reduced transient hERG current in R56Q channels to WT-like levels (Figure 2-7 C, i; and 

Figure 2-7 D, i). Furthermore, RPR260243 also restored the peak repolarizing current 
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passed in response to a premature depolarization (Figure 2-7 C, ii), increasing the 

amplitude 4.6 ± 0.8–fold (Figure 2-7 D, ii; n = 4, P<0.001, one-way ANOVA with Holm–

Sidak post hoc test). Interestingly, in action potential waveforms designed to mimic 

incidence of EADs (Figure 2-7 B, iii), the peak amplitude of the repolarizing current 

passed by R56Q mutant channels during the EAD was decreased when compared with 

that in WT channels (P = 0.035), and the peak occurred at more depolarized potentials 

(P = 0.004), i.e., earlier in the action potential (Figure 2-7 D, iii). Neither of these effects 

appeared to be greatly altered by the application of 10 μM RPR260243 (Figure 2-7 C, iii; 

and Figure 2-7 D, iii). 

2.6.3. Rapid characterization of R56Q kinetics using a short voltage 
protocol 

Our findings suggest plausible mechanisms by which the R56Q mutation may 

predispose arrhythmia and highlight actions of the activator, RPR260243, which may 

have potential therapeutic benefit. In silico modeling enables consolidation of these 

complex effects with the ability to provide meaningful translational insight. However, the 

ability to predict how mutations and activator compounds influence cellular 

electrophysiology, and thus behavior at larger scales, depends critically on a faithful 

characterization of ion channel kinetics. Figure2-8 shows the protocols used to calibrate 

and validate our modeling approach. We used information-rich protocols consisting of a 

staircase protocol for calibration, followed by validation protocols comprising step 

activation and inactivation voltage protocols, and a protocol applying a complex series of 

action potential–like voltage waveforms as used in our previous studies (Beattie et al., 

2018; Lei et al., 2019a, b). Figure 2-8 C demonstrates a typical experimental approach 

used to obtain dofetilide-sensitive hERG currents lacking endogenous and leak currents. 

The mathematical model scheme that we used is shown in Figure 2-9 A, which is an 

extended form of a simple 8parameter Hodgkin–Huxley style hERG model that was 

previously shown to reproduce complex hERG dynamics (Beattie et al., 2018; Lei et al., 

2019a, b), such that it incorporates the known biphasic deactivation kinetics of hERG 

channels (Vandenberg et al., 2012). Representative model fits to the calibration data 

described in Figure 2-8 are shown in Figure 2-9, B and C. The model was capable of 

recapitulating the calibration data with a high degree of accuracy under control and 

RPR260243 conditions for both WT and R56Q channels. Kinetic parameters for the 
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different cases are shown in Figure 2-9 D (see also Table 2.2). Parameters for WT and 

R56Q control kinetics  

 
Figure 2-8 Electrophysiological voltage waveform protocols used to characterize 

hERG channel ionic current kinetics.  
(A and B) A novel electrophysiology protocol consisting of one calibration protocol (A) and three 
validation protocols used to build and test a model of hERG ion channel kinetics (B). (C) 
Sequence of protocols used in the full experiment, including control and RPR260243 (RPR) 
sweeps. 

were highly similar, with the greatest difference being that p11 was an order of magnitude 

greater for R56Q than for WT. This parameter is responsible for the rate of deactivation 

along the O → C1 pathway, which is consistent with the accelerated deactivation in 

R56Q channels described above. Meanwhile, the p4 parameter for both WT and R56Q 

control kinetics was very small, which is consistent with the C1 → C2 transition being 

voltage-independent (Wang et al., 1997). Addition of RPR260243 affected the 

parametersin a more significant way, albeit in a manner that was consistent for both WT 

and R56Q. The main effect was to confer voltage dependence onto the C1 → C2 

pathway by increasing p4. While RPR260243 greatly slowed the slow component of 

hERG deactivation, it actually appeared to increase the fast time course of deactivation, 

and thus did not reverse the increase in p11 associated with R56Q  
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Figure 2-9 Model structure, calibration, and parameters.  
(A–C) The IKr model structure used. Control and RPR260243 (RPR) model fits to the calibration 
data from representative cells for WT (B) and R56Q (C). (D) Obtained kinetic parameters for (top) 
WT and R56Q, (middle) WT and WT-RPR, and (bottom) R56Q and R56Q-RPR models. 
Parameters p1, p3, p5, p7, p9, and p11 have units of ms−1, whereas parameters p2, p4, p6, p8, p10, 
p12 have units of mV−1. Expt., experiment. 
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Table 2-2  A summary of inferred parameter values from the mathematical 
IKr model 

 WT WT + RPR R56Q R56Q + RPR 

p1 8.53E-03 6.67E-03 6.49E-03 7.66E-03 
p2 8.32E-02 7.52E-02 6.97E-02 6.99E-02 
p 1.26E-02 2.71E-04 7.35E-03 1.44E-03 

p4 1.04E-07 2.44E-02 1.49E-07 1.43E-02 
p5 2.70E-01 1.72E-01 2.44E-01 1.48E-01 
p6 1.58E-02 2.18E-02 2.18E-02 2.76E-02 
p7 7.67E-02 7.12E-02 8.10E-02 8.74E-02 
p8 2.25E-02 3.13E-02 1.98E-02 3.26E-02 
p9 1.49E-01 6.21E+02 2.04E-01 1.19E-01 
p10 2.43E-02 7.81E-03 6.74E-02 5.30E-03 
p11 5.58E-04 2.10E+02 6.73E-03 8.60E-02 
p12 4.07E-02 5.03E-04 2.94E-02 7.98E-03 

 Cell 1 8.47E-02 7.96E-02 
GKr Cell 2 7.05E-02 1.03E-01 

 Cell 3 1.23E-01 4.33E-02 
Parameters p1, p3, p5, p7, p9, and p11 have units of ms−1, parameters p2, p4, p6, p8, p10, p12 have units of mV−1, and the 
maximal conductance parameters, GKr, have units of μS. 

Figure 2-10 and 2-11 show calibrated model predictions of activation, 

deactivation, and inactivation gating behavior in WT and R56Q channels in the absence 

and presence of RPR260243 alongside experimental data. Figure 2-10 shows predicted 

currents during step depolarizations in each condition (Figure 2-10 A, i; and Figure 2-10 

B, i), and predicted steady-state activation (Figure 2-10 A, ii; and Figure 2-10 B, ii) and I-

V relations (Figure 2-10 A, iii; and Figure 2-10 B, iii). Figure 2-11 shows predicted 

currents (Figure 2-11 A, i; and Figure 2-11 B, i) and steady-state relationships (Figure 2-

11 A, ii; and Figure 2-11 B, ii) describing inactivation gating. The predictions shown in 

Figure 2-10 and 2-11 highlight that models calibrated using only the staircase protocol 

were able to predict activation and inactivation experimental data from the same cell with 

a high degree of accuracy. Moreover, the accelerated tail current decay associated with 

R56Q was reproduced with the control kinetics parameters. Addition of RPR260243 also 

slowed deactivation for both WT and R56Q. Excellent concordance between model and 

experiment was also seen when it came to cell-specific biomarkers corresponding to the 

activation and inactivation processes, such as the voltage dependence of activation and 

inactivation, and the I-V relation (Figure 2-10 and 2-11). 



68 
 

 
Figure 2-10 Testing model predictions for activation properties.  
A comparison of predicted currents from the mathematical model and experimental currents for 
the activation (V1) validation protocol for WT (A, i) and R56Q (B, i) control and RPR260243 (RPR) 
currents from a representative recording. Cellspecific predictions of the voltage dependence of 
activation (A, ii; and B, ii) and I-V relation (A, iii; and B, iii) for WT and R56Q channels, 
respectively. Expt., experiment. 
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Figure 2-11  Testing model predictions for inactivation properties. 
A comparison of model predicted currents and experimental currents for the inactivation (V2) 
validation protocol for WT (A, i) and R56Q (B, i) control and RPR260243 (RPR) currents from a 
representative recording. Cell-specific predictions of the voltage-dependence of inactivation (A, ii; 
and B, ii) for WT and R56Q channels, respectively. Expt., experiment 

The calibrated models were also able to predict the complex action potential 

validation (V3) protocol with a high degree of accuracy in WT and R56Q channels in the 

absence and presence of RPR260243, as seen in Figure 2-12, A and B, which shows an 

overlay of predicted and experimental currents in each condition. Figure 2-12 C 

compares WT and R56Q kinetics directly by overlaying model output currents during the 

complex action potential voltage waveform protocol, with the model maximal 

conductances set to be equal. The expanded sections of predicted current tracings 

reveal that R56Q channels deactivated more quickly during the late phase of the action 

potential clamp, and crucially produced smaller protective currents in response to 

premature stimuli applied during late repolarization (middle expanded section). However, 

resurgent currents during the action potential remained similar in magnitude and profile 

with WT. This hints at a subtle electrophysiological phenotype associated with the R56Q 

mutation, which does not present under normal conditions. 
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Figure 2-12 Testing model predictions for currents during a complex action 

potential waveform voltage protocol.  
(A and B) A comparison of experimental and model predicted currents from the complex action 
potential waveform (V3) validation protocol for WT (A) and R56Q (B) control and RPR260243 
(RPR) currents from a representative cell. (C) A comparison of model currents for WT and R56Q 
control currents with maximal conductances (gKr) fixed to be equal. Expt., experiment. 

Figure 2-13 shows the results of simulations in which the IKr current in the 

O’Hara–Rudy dynamic human ventricular action potential model (O’Hara et al., 2011) 

was replaced with the newly developed model from this study (with conductance chosen 

so that WT control kinetics produced the same APD as the original model). Under 1 Hz 

pacing conditions, the protective current arising from each successive depolarization 

was similar for WT and R56Q (data not shown). However, Figure 2-13 A shows that with 

more rapid pacing, the transient hERG current was diminished by R56Q compared with 

WT. Addition of RPR260243 in R56Q conditions partially reversed the reduction in 
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transient hERG current (Figure 2-13 B). This may have an anti-arrhythmic effect at 

higher beating rates. Figure 2-13 C shows action potentials and hERG currents 

simulated in the ORd model in WT and R56Q mutant channels and the influence of 

delivery of a stimulus during the late repolarization phase of the action potential. The 

premature stimulus did not result in a full action potential under WT control conditions, 

because a large, protective hERG current developed. In contrast, the protective current 

developed under R56Q control conditions was much smaller and permitted the 

development of a full action potential that is more likely to propagate in tissue. This 

delayed afterdepolarization-like waveform can be a driver of reentrant excitations. 

Addition of RPR260243 restored some of the hERG protective current, again preventing 

development of a full action potential. 

 
Figure 2-13 Model predictions for effects of R56Q and RPR260243 on action 

potential characteristics. 
(A and B) A comparison of action potentials and corresponding IKr for (A) WT and R56Q and (B) 
R56Q and R56Q-RPR at 2.5 Hz pacing in the ORd human ventricular model (endocardial 
variant). Insets show the protective current during action potential depolarization. (C) An example 
of the protective effect of RPR260243 (RPR), which prevents a premature stimulus from 
developing into a full action potential. 

2.7. Discussion 

The main findings of this study are that the slowed deactivation gating caused by 

application of the type I hERG channel activator, RPR260243, (1) selectively enhances 

hERG protective currents conducted in response to premature depolarizations with 



72 
 

limited effects on hERG resurgent current during the action potential, (2) rescues 

attenuated hERG protective currents in fast deactivating LQTS2-associated hERG R56Q 

mutant channels, and (3) is predicted to enhance impaired protection against 

afterdepolarizations and triggered activity. In addition, this study demonstrates further 

the robustness of a recently developed in silico modeling approach to thoroughly 

characterize and predict channel behavior in R56Q mutant channels at physiological 

temperature. This combined approach highlights a novel potential therapeutic 

opportunity for hERG channel activator compounds that slow deactivation gating and 

provides a plausible mechanism for the pathogenicity and rescue of function in mutant 

hERG channels in which deactivation is accelerated, such as R56Q. 

2.7.1. RPR260243 selectively increases refractoriness and protection 
against premature depolarization 

One of the main findings of this study is that by slowing channel deactivation 

kinetics, RPR260243 enhances hERG protective currents passed in the early refractory 

period in response to premature depolarizations. The effect of RPR260243 on hERG 

resurgent current during the action potential, by contrast, was significantly more muted. 

Slowed channel deactivation enables hERG channels to populate open conducting 

states and pass instantaneous robust repolarizing current in response to premature 

depolarizations (Miller, 1996; Lu et al., 2001; Perry et al., 2016). Such residual 

repolarizing current has been described as hERG protective current, because it is 

anticipated that it will increase refractoriness of cardiac tissue and reduce the incidence 

of afterdepolarizations (Lu et al., 2003; Du et al., 2010; Du et al., 2013; McPate et al., 

2009; Melgari et al., 2014; Ng et al., 2014). In addition, increased hERG channel open 

probability during the diastolic interval contributes to transient hERG repolarizing current 

in response to the onset of subsequent action potential depolarization, and this transient 

hERG current becomes more pronounced at higher stimulation frequencies (Hua and 

Gilmour, 2004; Nuss et al., 1999; Royer et al., 2005). As such, early hERG transient 

current as a result of slow deactivation kinetics may also contribute to increased tissue 

refractoriness and reduced arrhythmogenicity (Hua and Gilmour, 2004). Our findings 

suggest that targeted manipulation of the kinetics of deactivation using a type I hERG 

activator selectively enhances hERG protective currents and the early transient hERG 

current. We used RPR260243, the first hERG activator to be discovered (Kang et al., 
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2005), for these studies since its action is well characterized to cause profound slowing 

of hERG channel deactivation with little or no effect on activation or inactivation gating at 

concentrations ≤10 μM, aside from a slowing of recovery from inactivation kinetics (Kang 

et al., 2005; Perry et al., 2007; Perry and Sanguinetti, 2008; see also Figure 2-2). Over 

this concentration range, RPR260243 exerts little effect on APD in isolated mammalian 

hearts with no significant effect on human cardiac Na+ channels or KCNQ1 K+ channels, 

and only weak inhibition of L-type Ca2+ channels (10% at 10 μM; Kang et al., 2005). In 

the majority of cases, we avoided using higher concentrations of RPR260243, e.g., ≥30 

μM, since at these concentrations the compound also induces a depolarizing shift in the 

voltage dependence of inactivation gating of hERG channels, more profoundly inhibits L-

type Ca2+ channels, and abbreviates APD (Kang et al., 2005; Perry et al., 2007). In some 

instances, 30 μM RPR260243 was used in experiments at 21°C to determine 

concentration–response relations, since we found the effect of the compound to be less 

pronounced at this temperature than at 37°C. Our approach, however, was not designed 

to determine temperature dependence of RPR260243 effects, since two different 

expression systems were used. Use of the oocyte system at 21°C allowed comparison 

and validation of the in silico approach with previous studies conducted at room 

temperature (Beattie et al., 2018), while use of the HEK cell system at 37°C allowed 

channel kinetics to be studied at physiological temperature. Presentation of both data 

series provides opportunity for future comparisons to aid interpretation of studies 

conducted in oocytes at room temperature. 

The binding site for RPR260243 has been mapped by mutagenesis studies and 

is located at the intracellular interface of the S4–S5 linker, S5, and S6 helices (Perry et 

al., 2007; Perry and Sanguinetti, 2008). Specific residues that influence the effect of 

RPR260243 on deactivation gating cluster to form a hydrophobic pocket behind S5 and 

S6 that, when occupied by RPR260243, is suggested to influence electromechanical 

coupling between the S4–S5 linker and the pore during closing (Perry et al., 2007). It is 

feasible that the effects of many variants that accelerate deactivation, e.g., mutations in 

the N or C-terminal regions, would be restored by the action of RPR260243. However, 

evidence suggests that interaction between N and C-terminal regions determines 

deactivation gating (Gianulis et al., 2013), and the effect of RPR260243 on deactivation 

appears to improve with unrestrained N and C-terminal regions (Wu et al., 2015). These 

observations suggest that the restorative effects of RPR260243 may be influenced by 
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the location of variants within these critical regions. For example, R56Q has been 

suggested to weaken N-terminal interactions with the channel (Gustina and Trudeau, 

2009), and this may enhance the effectiveness of RPR260243. Future studies could 

examine the beneficial effects of RPR260243 in variants in different channel regions. 

Measuring the effect of novel hERG activator compounds on hERG resurgent 

current during the action potential, and consequent evaluation of the capability to 

shorten APD, are a standard approach in the characterization of their therapeutic 

potential. However, the effect of hERG activator compounds on hERG protective 

currents conducted in response to premature depolarizations has not been well studied. 

Our evaluation of the effects of RPR260243 on hERG resurgent current in addition to 

hERG protective current and early transient hERG current suggests antiarrhythmic 

potential for RPR260243, enthusiasm for which has been muted given its limited ability 

to shorten the APD. We propose that the targeted action of RPR260243 could be 

expected to increase refractoriness and reduce afterdepolarization risk without 

shortening APD and predisposing arrhythmogenicity. Indeed, over-correction of hERG 

resurgent current during the action potential is a significant limiting concern in the 

development of hERG activator compounds that target inactivation gating, since they 

may predispose to short QT syndrome (Vandenberg et al., 2012). As such, our findings 

highlight a novel potential opportunity for hERG channel activator compounds that slow 

deactivation gating to provide targeted pairing of the mechanism of the activator with the 

mechanism of the variant dysfunction. Further testing is required to establish a similar 

targeted approach with variants that alter hERG channel inactivation gating paired with 

type 2 hERG activators, such as ICA105574 or NS1643, which alter inactivation. In 

these cases, the net balance of the effects of the activator, e.g., NS1643, to prolong 

refractoriness, which would be anti-arrhythmic, and also abbreviate the APD, which 

might be pro-arrhythmic (Hansen et al., 2006), needs to be assessed in translational 

model systems as has been suggested previously (Perry et al., 2019). 

2.7.2. Pathogenicity of the R56Q mutation associated with reduced 
protection against premature depolarizations is rescued by 
RPR260243 

Another key finding of this study is that selective pharmacological slowing of 

deactivation gating rescued function in an LQTS2-associated mutant channel that 
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displays accelerated deactivation gating, R56Q (Chen et al., 1999; Perry et al., 2019). 

We elected to use the R56Q mutation to study because the variant results in a 

pronounced effect on deactivation gating (Chen et al., 1999). Based upon the observed 

accelerated deactivation kinetics caused by the R56Q mutation, the variant has been 

proposed to limit resurgent IKr delay repolarization and prolong the QT interval. 

The R56Q variant was first described as being associated with LQTS by Chen et 

al. (1999), and the phenotype was characterized as predominantly affecting hERG 

channel deactivation gating. Since this initial description, the R56Q mutation has been 

used on numerous occasions to investigate the influence of modifications to hERG 

deactivation (Clancy and Rudy, 2001; Berecki et al., 2005; Gustina and Trudeau, 2009; 

Gianulis and Trudeau, 2011; Gonzalez et al., 2013; Liu and Trudeau, 2015; Foo et al., 

2019). Several studies have attempted to better understand the pathogenicity of the 

variant, with some studies suggesting APD prolongation, particularly at higher rates 

(Clancy and Rudy, 2001; Berecki et al., 2005; Gonzalez et al., 2013; Liu and Trudeau, 

2015), and other studies suggesting reduced surface expression (Foo et al., 2019). 

However, despite its initial association with LQTS, causation remains uncertain, and 

ClinVar assigns R56Q as a variant of uncertain significance. This picture highlights the 

challenges associated with risk stratification of hERG channel variants and the need for 

improved mechanistic insight to assign phenotypic risk with genotype. We believe this to 

be where our study provides particular insight. Our data suggest that variants, such as 

R56Q, are pathogenic and associated with sudden death despite minimal prolongation 

of the APD and QTc, because they reduce hERG protective currents providing a 

substrate for triggered activity and reentrant arrhythmia. As such, our data inform novel 

mechanisms that may guide improved risk stratification of known and novel hERG 

variants. Previous studies assessing the R56Q variant suggested that the mutation does 

not greatly reduce, and may even increase, resurgent hERG currents during the action 

potential (Berecki et al., 2005; Liu and Trudeau, 2015). These effects can also be 

observed in the present study (Figure 2-6), which may arise as a result of the right-

shifted inactivation voltage dependence produced by the R56Q mutation (Figure 2-2). 

Our whole-cell action potential modeling suggested that this greater “early” resurgent 

current would lead to a slightly depressed action potential plateau, causing a small 

prolongation overall when R56Q channels deactivate more rapidly during the 

repolarization phase of the action potential. It should be noted that we observed 
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appreciably less APD prolongation in our R56Q model simulations compared with that 

observed previously (Berecki et al., 2005; Liu and Trudeau, 2015). In their dynamic 

clamp study, Berecki et al. (2005) applied a scaling factor to biological HEK R56Q hERG 

currents before injection into a dynamic action potential clamp simulated myocyte so as 

to normalize maximal peak current at 0 mV to that in WT. In our simulations, we 

assumed equal maximal conductance (the gKr term in Eq. 1) in WT or R56Q mutant 

channels, with differences in current magnitude arising from altered kinetics and thus 

different steady-state open probabilities. This approach led to milder APD prolongation 

than observed by Berecki et al. (2005). In simulations where we did apply the same 

scaling procedure (which corresponded to 6% reduction in R56Q maximal 

conductance, gKr, based on peak current at 0 mV; data not shown), we observed greater 

APD prolongation, similar to that observed previously (Berecki et al., 2005). Our 

simulation data could not, however, recapitulate the very pronounced APD prolongation 

observed from R56Q current injection into rabbit myocytes (Berecki et al., 2005). To 

achieve similar prolongation of the APD in our simulations would require 75% reduction 

in hERG current (link to Cardiac Electrophysiology Web Lab experiment in Shannon–

Bers rabbit ventricular cell model: http://bit.ly/ikr-block-shannon), which is not supported 

by our data. Interestingly, Liu and Trudeau (2015) also observed greater APD 

prolongation in human induced pluripotent stem cell–derived cardiomyocytes 

overexpressing R56Q mutant hERG channels than they expected from the effect of the 

mutation on current amplitude during voltage clamp experiments (Liu and Trudeau 

2015). It is possible that this discrepancy is a result of an effect of the R56Q variant to 

impair trafficking. Some reports show that the R56Q mutation does not influence channel 

trafficking to the membrane (Chenet al., 1999; Gianulis and Trudeau, 2011), but more 

recent studies demonstrate a modest ( 20%) reduction of mutant channel surface 

expression due to increased internalization (Foo et al.,2019). These observations 

highlight the challenge of clinical risk stratification of individuals presenting with variants 

associated with inherited LQTS (Barsheshet et al., 2013; Giudicessi and Ackerman, 

2013). 

Our findings provide a plausible mechanism for pathogenicity in R56Q mutation 

carriers, as well as others harboring mutations that accelerate hERG channel 

deactivation. Our measurements from R56Q mutant channels show that the accelerated 

deactivation is associated with a profound reduction in hERG protective currents passed 
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in response to premature depolarizations without marked effect on the hERG resurgent 

current flowing during the action potential. These findings predict a limited effect on APD 

and the QT interval, but increased risk of arrhythmogenicity as a result of reduced 

protective current against afterdepolarizations. We found that subsequent slowing of 

deactivation in R56Q mutant channels, by the application of RPR260243, produced a 

concentration dependent restoration of the attenuated hERG protective currents. The 

extent to which protective currents were restored was dependent on the coupling 

interval, suggesting that a restorative effect over a broad range of coupling intervals in 

the refractory period might be achievable. The outcome of slowing of deactivation 

caused by RPR260243 resulted in limited changes to the hERG resurgent current during 

action potential voltage waveforms, but profound increase in hERG protective currents 

passed in response to premature depolarizations, as well as increased early transient 

hERG current passed upon initial action potential depolarization. These findings suggest 

a need to extend characterization of the effects of hERG variants associated with LQTS2 

and sudden cardiac death beyond measurement of hERG resurgent current to include 

effects on hERG protective current (Perry et al., 2016). This enhanced approach to the 

functional screening of the pathogenicity of known and novel variants may contribute to 

improved risk stratification and understanding of the basis of concealed LQTS, in which 

individuals harbor a variant assumed to be pathogenic yet do not present with QT 

prolongation (Ackerman, 2008). 

2.7.3. Mathematical model of hERG kinetics predicts protection from 
arrhythmogenicity by RPR260243 

To contextualize the findings of these studies, we used a mathematical modeling 

approach to generate simple predictive quantitative models of channel gating that could 

be well constrained by experimental observations. The results of this approach suggest 

that the model can faithfully recapitulate channel behavior in a cell-specific manner. 

Adjustments in model parameters affecting deactivation and recovery from inactivation 

were sufficient to reproduce the changes in current observed under R56Q and 

RPR260243 conditions. Consistent with previous reports, the model predicted minimal 

effects on APD in R56Q due to the minimal effects of the mutation on the resurgent 

current. Following calibration using an information rich short protocol (Beattie et al., 

2018; Lei et al., 2019a, 2019b), the model was used to predict more complex channel 
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activity during complex voltage waveforms and action potential trains. The model outputs 

were remarkably consistent with channel currents during these complex action potential 

trains in the case of WT and mutant channels, both under control conditions and in the 

presence of RPR260243. The model predicted decreased protective currents in 

response to premature stimuli during late repolarization in R56Q mutant channels, and 

partial rescue with RPR260243 application. Using this hERG gating model in the 

O’Hara–Rudy dynamic action potential model predicted reduced protective current with 

the R56Q mutation, particularly with more rapid pacing, compared with WT, which 

permitted development of a full action potential in response to premature depolarization 

in the mutant, but not WT. That R56Q hERG protective current was reduced at higher 

pacing rates is consistent with greater susceptibility of inherited LQTS2 carriers to 

cardiac events with elevated rates (Schwartz et al., 2001). The presence of RPR260243 

partially restored the protective current, which suggests it may have a targeted an anti-

arrhythmic effect at higher beating rates by resisting afterdepolarization waveforms, 

which can drive reentrant excitations. 

The “rapid characterization” approach to modeling channel behavior used here 

provides faithful recapitulation of ion currents and steady-state parameter 

measurements, and accurately predicts behavior during complex waveform protocols. 

We found that such cell-specific predictive power can be sensitive to artifacts such as 

voltage offsets in patch clamp recordings that can cause the mathematical model to 

indicate changes in channel kinetics or conductance that may not be valid. As such, high 

quality, low-leak, dofetilide-sensitive recordings with minimal rundown in each cell were 

required for high accuracy in the modeling process. An assumption of a constant 

maximal channel conductance (before and after RPR260243) was used to reduce the 

number of model parameters to infer; single channel measurements would offer one 

route to test this. We also identified rundown in channel activity during prolonged 

experiments as a factor that could influence the fitted model parameters and subsequent 

predictions. We did not correct for rundown in these studies, and future approaches 

could allow for a correction factor to be applied by incorporating controlled measures of 

rundown into the voltage waveform protocols. Another limitation in our approach is the 

weak inhibition of L-type Ca2+ channels (10% at 10 μM) by RPR260243 (Kang et al., 

2005). While there were minimal effects on APD in guinea pig hearts (Kang et al., 2005), 

and our data suggest a targeted restoration of reduced protection in the refractory period 
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in R56Q variant channels by RPR260243 that would not be expected to be influenced by 

weak inhibition of L-type channels, inhibition of ICa might be expected to affect action 

potential morphology, and this was not taken into account in our dynamic action potential 

simulations. However, simulations incorporating fractional ICa inhibition did not 

appreciably change the model outputs (data not shown), although further studies in 

translational models would help to address the overall balance of effects of RPR260243. 

Despite these limitations, this study demonstrates the robustness of this novel modeling 

approach to characterize and predict aberrant gating behavior and its rescue at 

physiological temperature. As such, our findings highlight the predictive power of this 

approach to risk-stratify the pathogenicity of hERG channel variants and the potential 

phenotypic gain in function following application of therapeutics. 

Taken together, our findings suggest that modification of hERG channel 

deactivation, such as with RPR260243, presents a targeted approach to enhance 

refractoriness and reduce arrhythmogenicity without greatly shortening the APD. Such 

an approach may provide a lower risk alternative to the use of hERG activator 

compounds that target inactivation, which may over-correct loss of function. 

Furthermore, since RPR260243 enhances function in WT channels, its application may 

potentially prove useful in strategies to target haploinsufficiency, or non–hERG-related 

causes of LQTS, to improve protection against afterdepolarization. 
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Chapter 3. The hERG R56Q+/- LQTS-associated 
variant increases propensity for premature 
depolarizations and electrical instability in hiPSC-
CMs that is reversed by the hERG activator, 
RPR260243 

This chapter summarises the work currently under review for publication 

(Venkateshappa et al., 2022). The methods portion of the paper has been rewritten and 

substantially broadened to offer much more detailed descriptions of the methods that 

were used. In addition, formatting modifications have been made to conform to the style 

of the thesis. In these studies, I developed voltage clamp and current clamp 

electrophysiological assays, conducted the electrophysiology experiments, completed 

electrophysiology data analysis. I was actively involved in single cell plating, and 

decision making for immunostaining assays. Gene editing with CRISPR-Cas9, stem cell 

culture, differentiation, and cellular phenotyping was performed by other authors of the 

paper. 

3.1. Abstract 

Long QT Syndrome Type 2 (LQTS2) is associated with inherited variants in the 

cardiac hERG K+ channel. However, the pathogenicity of hERG channel gene variants is 

often uncertain. Using CRISPR-Cas9 gene-edited hiPSC-derived cardiomyocytes 

(hiPSC-CMs), we investigated the pathogenic mechanism underlying the LQTS-

associated hERG R56Q variant, and its phenotypic rescue by the type 1 hERG activator, 

RPR260243. These approaches enable characterization of the uncertain causative 

mechanism of arrhythmia in the R56Q variant, an N-terminal PAS domain mutation that 

primarily accelerates channel deactivation, and translational investigation of the potential 

for targeted pharmacologic manipulation of hERG deactivation. Using programmed 

electrical stimulation of single hiPSC-CMs, we show that the hERG R56Q variant does 

not significantly alter the mean APD90 or the triangulation index. However, the R56Q 

variant increases the beat-to-beat variability in APD90 during pacing at constant cycle 

lengths and enhances the variance of APD90 during rate transitions. During paired S1-S2 

stimulations, the R56Q variant also reduces protection against premature stimulations 
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and increases the variability in rise time and duration of the earliest captured ventricular 

response to S2 stimulation. Application of the hERG channel activator, RPR260243, 

reduces the APD variance in hERG R56Q hiPSC-CMs, increases the post-repolarization 

refractoriness and increases the protection against premature action potential 

responses. Based on our findings, we propose that the hERG R56Q variant leads to 

heterogeneous APD dynamics, which could result in spatial dispersion of repolarization 

and increased risk for re-entry without significant effect on the average APD90. 

Furthermore, our data highlight the antiarrhythmic potential of targeted slowing of hERG 

deactivation gating, which we show increases protection against triggered activity and 

reduces electrical heterogeneity in hiPSC-CMs.  

3.2. Introduction 

Human ether-à-go-go-related gene (hERG) voltage-gated K+ channels are critical 

for repolarization of the cardiac membrane potential (Noble et al., 1969; Shibasaki, 1987; 

Sanguinetti et al., 1995c; Vandenberg et al., 2012). Inherited genetic variants in KCNH2, 

the gene that encodes hERG channels, often cause channel dysfunction that reduces 

hERG currents (Sanguinetti et al., 1995c). Loss of hERG channel function delays 

repolarization and prolongs the action potential duration (APD), which increases 

vulnerability to early afterdepolarizations (EADs) that can result in triggered activity and 

arrhythmia (Curran et al., 1995; Roden et al., 1996; Antzelevitch et al., 2002; Weiss et 

al., 2005; Cox et al., 2021). Such APD prolongation underlies LQTS, which is 

characterized by prolongation of the heart rate-corrected QT interval (QTc) (≥470 ms in 

males and ≥480 ms in females (Schwartz et al., 1993) in the absence of structural heart 

disease and predisposes the ventricular tachycardia, torsades de pointe (TdP), and risk 

of seizures, syncope and sudden cardiac death (Moss et al., 1991; Vincent, 2002). 

LQTS affects an estimated 1:2,000 people (Schwartz et al., 2009), and 50% of 

individuals with symptomatic LQTS experience their first cardiac event by age 12 and 

90% by age 40 (Moss et al., 1991; Priori et al., 2003; Darbar, 2010), with the first cardiac 

event often being sudden death (Priori et al., 2003). LQTS Type 2 (LQTS2) is caused by 

genetic variants in hERG channels and accounts for approximately 35% of all LQTS 

cases (Schwartz et al., 2012; Giudicessi et al., 2013; Nakano et al., 2016). 
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There has been significant and sustained interest in understanding the 

underlying mechanisms of LQTS and this has revealed genotype-phenotype correlations 

that have driven the development of genotype-guided risk stratification profiles and 

therapeutic strategies (Schwartz et al., 2001; Crotti et al., 2008; Barsheshet et al., 2013). 

However, a significant challenge is the evaluation of an individual’s risk of a cardiac 

event (Priori et al., 1999, 2003; Taggart et al., 2007; Giudicessi et al., 2013; Wilde et al., 

2022). For example, ~25% of individuals that are genotype-positive for a LQTS-causing 

variant have a normal QT interval (Priori et al., 2003; Goldenberg et al., 2011; Schwartz 

et al., 2012; Wilde et al., 2022), and identifying the precipitating factor/s that trigger an 

event in individuals with LQTS can be challenging (Wilde et al., 2022). As such, there 

remains the need for improved functional understanding of variant-induced pathogenicity 

and trigger events, as well as for the discovery of patient-targeted therapies (Shah et al., 

2008; Barsheshet et al., 2013, 2014; Wilde et al., 2022). An encouraging opportunity to 

better achieve this has recently been realized through the generation and analysis of 

patient-derived and isogenic human induced pluripotent stem cell-derived 

cardiomyocytes (hiPCS-CMs) (Moretti et al., 2010; Itzhaki et al., 2011; Lahti et al., 2012). 

This system facilitates electrophysiological scrutiny of the electrical consequences of 

specific channel variants and the opportunity for identification of targeted 

pharmacological correction (Sala et al., 2016b; Duncan et al., 2017a; McKeithan et al., 

2020; Perry et al., 2020). 

Several studies have highlighted the promise of using hERG variant-carrying 

hiPSC-CMs to investigate treatment with hERG-specific activator small molecules  (Sala 

et al., 2016b; Garg et al., 2018; Treat et al., 2019; Perry et al., 2020). However, type 2 

hERG activators, which primarily reduce channel inactivation (Hansen et al., 2006; 

Gerlach et al., 2010; Mannikko et al., 2015; Sale et al., 2017), highlight issues of 

overcorrection of hERG function and predisposition to early repolarization-induced 

arrhythmia (Hansen et al., 2008; Perry et al., 2020). Trafficking chaperones such as 

Lumacaftor have been tested, studies have shown that their use may not always be 

effective and can even exacerbate the phenotype in a variant-sensitive manner, leading 

to potentially harmful outcomes (O'Hare et al., 2020). Thus, it is essential to have a deep 

understanding of the specific hERG channel mutation in a patient before attempting to 

rescue trafficking-deficient hERG channels. Additionally, the impact of trafficking rescue 

may vary based on the mutation, and there is a risk of further prolongation of the cardiac 
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action potential duration and QT interval, which can increase the risk of arrhythmias. 

Hence, thorough examination of the functionality of each variant potassium channel that 

needs to be rescued is crucial to avoid any adverse effects. While these approaches 

have potential risks for proarrhythmia, type 1 hERG activators like RPR260243, which 

primarily slow channel deactivation, may offer safer targeted antiarrhythmic action 

(Grunnet et al., 2008; Shi et al., 2020; Kemp et al., 2021).  

In the previous chapter we showed in HEK cells that RPR260243 markedly 

increased hERG protective currents flowing in response to premature depolarizations 

without significant effect on repolarizing current during the action potential (Kemp et al., 

2021). Our in silico studies using the hERG R56Q LQTS-associated variant showed that 

RPR260243 rescued lost hERG protective currents producing a targeted increase in 

hERG repolarizing drive in the early refractory period without APD shortening (Kemp et 

al., 2021). There is now the need to explore the mechanism of this targeted 

antiarrhythmic potential for the type 1 hERG activator RPR260243 in a translatable 

physiological system, such as hiPSC-CMs. In the present study, we sought three aims: 

 1) to use CRISPR/Cas9 technology to engineer the hERG R56Q variant in 

isogenic hiPSC-CMs;  

2) to characterize the effect of the hERG R56Q variant on markers of 

arrhythmogenicity, and  

3) to explore the antiarrhythmic potential of the classical type 1 hERG activator, 

RPR260243. 

 

3.3.  Materials and Methods 

3.3.1. hiPSC culture 

All experiments were performed using WiCell iPS (IMR90)-1 cells, kindly gifted 

by Dr. G.F. Tibbits, and maintained on Matrigel® (Corning, CLS356234) coated 6-well 

cell culture plates in mTeSR™Plus (Stem Cell Technologies, 100-0276) following the 

manufacturer’s standard culturing procedures. Cells were passaged when they reached 
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80% confluency, approximately every 4 days: hiPSCs were dissociated to small 

aggregates using Versene (Gibco, 15040066) and light mechanical disruption and 

seeded at a split ratio of 1:20 in mTeSR™Plus. 

3.3.2. Generation of gene-edited cell lines 

To perform CRISPR-Cas9 editing of hiPSCs, we used an approach described 

previously in Ran et al. 2013. The pCCC vector, a variant of the pSpCas9(BB)-2A-GFP 

vector with the Cbh promoter exchanged for the full-length CAGGS promoter to increase 

efficiency in hiPSC (Krentz et al., 2014), was kindly gifted by Dr. F. Lynn and used to 

express the R56Q sgRNA, Cas9, and GFP in hiPSC cells. The R56Q sgRNA design 

was performed using the CRISPR design tool from the Broad Institute at MIT 

(http://crispr.mit.edu/) and the guide with the closest PAM site to the hERG R56 target 

site was selected, synthesized and inserted into the BbsI site of the pCCC vector as 

described in Ran et al. 2013. A 127 bp ssODN (synthesized by IDT as a 4 nmole 

Ultramer) complementary to the sense strand, with 38 bases (PAM-distal) and 89 bases 

(PAM-proximal) on either of the expected double stranded break site, was used to 

provide the template for homology directed repair and included the hERG c.167G>A 

(p.Arg56Gln mutation, as well as a silent mutation (c.174G>A) in the PAM site.  

The day before transfection, hiPSCs were passaged using Versene (Gibco, 

15040066) into small clumps and seeded at a density of 100,000-200,000 cells per well 

of a 24-well plate. The following day 500 ng of pCCC-sgRNA vector and 10 pmol of the 

ssODN were transfected into each well using Lipofectamine 3000 according to the 

manufacturer’s guidelines. Media changes with fresh mTeSR+ were performed 12 and 

24 h after the transfection reagents were applied. Two days after transfection hiPSCs 

were dissociated into single cells using Accutase (STEMCELL Technologies Inc., 07920) 

and FACS was used (BD FACSAria Fusion Cell Sorter) to select GFP-positive cells. 

Between 500-1,000 GFP-positive cells were plated into each well of a 6-well culture 

dish, which was coated with Matrigel® (Corning, CLS356234) and contained 

mTeSR™Plus supplemented with penicillin-streptomycin (Life Technologies, 15140122) 

and CloneR™ (STEMCELL Technologies Inc., 05888), to aid in the survival and growth 

of the individually seeded cells. After 48-72 h the media was changed, and every other 

day media changes were performed for the following 7-10 days until individual colonies 



86 
 

could be isolated. Individual colonies were identified under a microscope and manually 

transferred into a 96-well plate for further growth and analysis.  

A sample of cells from each clone were lysed using DirectPCR Lysis Reagent 

with Proteinase K Solution (Viagen, 301-C and 501-PK) and the lysate was used as the 

PCR template to amplify the region around the hERG R56 site. The PCR product was 

sent for Sanger sequencing (GENEWIZ, Azenta Life Sciences) to determine the 

genotype of the clones. Clones that were selected for further experiments were 

expanded and cryopreserved using mFreSR™ (Stem Cell Technologies, 05855). Off-

target sites were predicted using CRISPOR (http://crispor.tefor.net/) (Concordet et al., 

2018); the top three exonic off-targets sites in the ZNRF3, SUPT5H and SLC38 genes 

amplified by PCR and Sanger sequenced (GENEWIZ, Azenta Life Sciences). No off-

target mutations were identified in the clones.  

3.3.3. Directed differentiation of hiPSCs to cardiomyocytes 

Differentiation of the hiPSC clones was performed following the STEMdiff™ 

Cardiomyocyte Differentiation Kit protocol (STEMCELL Technologies Inc., 05010). 

Briefly the hiPSC clones were seeded as small aggregates onto Corning® Matrigel® 

coated 12-well plates with mTeSR™Plus and 10 μM Y-27632 (Biogems, 1293823) at a 

density of 300,000-500,000 cells/well 48 h prior to the start of differentiation. Upon 

reaching 95% confluency, a series of timed media changes were performed according to 

the differentiation kit protocol and beating monolayers could be identified approximately 

7-10 days after the start of differentiation. 

Beating hiPSC-CMs monolayers were dissociated following procedures in the 

STEMdiff™ Cardiomyocyte Dissociation Kit (STEMCELL Technologies Inc., 05025). 

Briefly, the beating monolayer was washed with Dulbecco’s Phophate Buffered Saline 

(D-PBS, VWRL0119-0500) and treated with STEMdiff™ Cardiomyocyte Dissociation 

Medium for 7–10 min at 37°C and 5% CO2. The dissociated cells were resuspended in 

STEMdiff™ Cardiomyocyte Support Medium at low enough density onto a 12 mm glass 

coverslip (VWR, 89015-725) coated with 10 μg/ml fibronectin (Gibco, PHE0023), yielding 

single, beating hiPSC-CMs. The media was changed to STEMdiff™ Cardiomyocyte 

maintenance media after 24 h and was refreshed every 2 days. Electrophysiological and 

immunocytochemical analysis of the cells was performed 4-10 days after replating.  



87 
 

3.3.4. Cellular phenotyping of hiPSC-CM clones 

hiPSC-CMs were fixed with 4% paraformaldehyde in D-PBS (Thermo Scientific, 

28906), followed by a 0.1 % Triton X-100 (Thermo Scientific, 28314) in D-PBS solution 

permeabilization for 15 min each at room temperature. Coverslips were then blocked 

with 4% normal goat serum (MiliporeSigma, NS02L) in PBS for 1 h, PBS washed, and 

probed overnight at 4 °C with mouse monoclonal anti-cTnT (1:1000) (Invitrogen, MA5-

12960) and rabbit monoclonal anti-α-actinin (Invitrogen, 710947). The following day the 

coverslips were incubated with secondary antibodies, Alexa Fluor 488-conjugated goat 

anti-mouse (1:1000) (Invitrogen, A-11029) and Alexa Fluor 555-conjugated goat anti-

rabbit (1:1000) (Invitrogen, A32732), at room temperature for 2 h and the nuclei were 

counterstained stained with Hoescht 33342 (Abcam, ab228551). The cells underwent a 

post-staining fixation with 4% paraformaldehyde solution for 5 min prior to the final PBS 

washes and mounting onto microscope slides with ProLong Glass Antifade Mountant 

(Thermo Scientific, P36980). Images were acquired on a Nikon Ti-E inverted 

epifluorescence microscope equipped with a Zyla 5.5 CMOS camera using a 20x 

Superfluor objective with a 1.5x multiplier. Fluorophores were excited with a Sutter 

Lambda XL light source and SmartShutter. Images were captured using Nikon Elements 

software (version 4.30, Nikon). 

RNA from hiPSCs and hiPSC-CMs was isolated using the RNeasy Mini Kit 

(Qiagen, 74004) and cDNA was synthesized using the Qiagen QuantiTect Reverse 

Transcriptase Kit (Qiagen, 205311) both according to the manufacturer’s guidelines. 

Primers were designed to target unique regions within pluripotency (NANOG, POU5F1, 

SOX2, C-MYC, KLF4) and cardiomyocyte-related (ACTN1, MYL2, KCNH2) genes as 

well as two reference genes (GJA1, GAPDH). Products were visualized on a 2% 

agarose gel to show qualitative levels of transcripts in the undifferentiated hiPSCs and 

the differentiated hiPSC-CMs.  

3.3.5. Electrophysiology 

All electrophysiological recordings were conducted using the Axopatch 200B 

amplifier and Digidata 1440A interface. The signals were sampled at 10 kHz and low 

pass filtered at 2 kHz. Recording pipettes with a resistance of 2.5-3 ΩM when filled with 

an internal solution were made by pulling borosilicate glass capillaries using a P-97 
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puller (Sutter Instruments). A Warner Instruments TC-344B temperature controller with a 

bath chamber thermistor, a heated platform, and an in-line perfusion heater were used to 

monitor and maintain the bath temperature at 37°C. All compounds were completely 

dissolved in 100% DMSO and working stocks with a final DMSO concentration of less 

than 1% in an external solution were prepared. All voltage and current clamp 

experiments were performed on a single isolated beating hiPSC-CMs using 

amphotericin B-based perforated patch clamp method (Figure 3-1A).  

Voltage clamp experiments  

Voltage clamp experiments were performed using amphotericin-B based 

perforated patch clamp method to record Ikr current. The external solution consisted of 

(in mM): CaCl2 1.8, Glucose 15, HEPES 15, KCl 5.4, MgCl2 1, NaCl 150, Na-Pyruvate 1. 

(pH 7.4 with NaOH). The working internal solution was prepared by dissolving 

amphotericin-B in internal solution consisting of (in mM): CaCl2 2, EGTA 5, HEPES 10, 

KCl 150, KOH, MgATP 5, NaCl 5, (pH 7.2 with KOH). The amphotericin-B solution was 

prepared at 140 to 170 μg/ml right before patching the cell, and it was used for 1 to 1.5 

hours. 

Steps for IKr recording 

After forming a successful GΩ seal, the cell was monitored in current clamp, gap 

free mode with a constant perfusion of control external solution until steady ventricular 

action potentials were observed (Figure 3-1) with a diastolic potential of at least -60 mV. 

The cell was then perfused with an external solution containing 5 μM nifedipine to stop 

the beating (Figure 3-1). Then in voltage clamp mode, 2 s voltage steps were applied 

from -40 mV to +40 mV in 20 mV increments (holding potential was -40 mV) (Figure 

3-2A) under constant perfusion of the external solution with 5 μM nifedipine to record 

membrane currents (Figure 3-2B). The cell was then exposed to external solution 

supplemented with 5 μM nifedipine and 10 μM RPR260243 for 5 min before the IKr 

recording voltage step protocol was repeated (Figure 3-2C). Finally, IKr currents were 

completely blocked by exposing the cell to 10 μM dofetilide and the voltage step protocol 

was repeated (Figure 3-2D). The perfusion was continually maintained (1.5 to 2.0 

ml/min) throughout the duration of the recording. 
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Figure 3-1. Representative intrinsic action potential recording from a single 

beating hiPSC-CM. 
The initial steps of a voltage clamp experiment. After obtaining a GΩ seal in current clamp mode, 
external solution was perfused before application of external solution containing 5 μM nifidipine to 
cease the beating of the hiPSC-CM.  

A 

 

B 

 

C 

 

D 

 
Figure 3-2. Steps for the voltage clamp experiment to record IKr current from a 

single hiPSC-CM.  
A. The voltage step protocol from a holding potential of -40 mV. 2 s voltage steps were applied 
from -40 mV to +40 mV in increments of 20 mV. B. Current responses acquired in the presence 
of external solution with 5 μM nifedipine in response to the voltage step protocol described in A. 
C. Currents measured following 5 min perfusion of 10 μM RPR260243 in response to the voltage 
step protocol in A. D. Currents recorded after 5 min perfusion with 10 μM dofetilide in response to 
the voltage step protocol in A. 
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Current clamp experiments 

Current clamp experiments were performed using amphotericin-B perforated 

patch clamp. The external solution consisted of (in mM): CaCl2 1.8, Glucose 15, HEPES 

15, KCl 5.4, MgCl2 1, NaCl 150, Na-Pyruvate 1. (pH 7.4 with NaOH).. The working 

internal solution was prepared by dissolving amphotericin-B in internal solution 

consisting of (in mM): CaCl2 2, EGTA 5, HEPES 10, KCl 150, KOH, MgATP 5, NaCl 5, 

(pH 7.2 with KOH). The amphotericin-B solution was prepared at 140 to 170 μg/ml right 

before patching the cell, and it was used for 1 to 1.5 h. 

Running a complete current clamp experiment consisted of three steps: 

o Intrinsic action potential recording  

o Determination of the stimulation threshold 

o Execution of standard S1-S2, and dynamic stimulation protocols 

Intrinsic action potential recording  

In the current clamp configuration, the membrane potential was monitored 

following the establishment of a successful patch with a GΩ seal. When the membrane 

potential stabilised at approximately -60 mV or more negative (typically within one min), 

the threshold pacing/stimulation protocol was used to determine the threshold current 

required to pace the cell (Figure 3-3A-C). 

A 
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B  

 
C  

 
Figure 3-3. The configuration of a perforated patch and the steps involved in the 

successful formation of a patch. 
 A. Pictorial representation of perforated patch configuration. B. Change in membrane potential 
during the formation of a successful perforated patch. C. A train of intrinsic action potentials 
following the formation of a patch with a stable maximal diastolic potential. 
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Determination of the stimulation threshold  

One of the goals of this chapter was to study the response of the single hiPSC-

CMs to dynamic and standard S1-S2 stimulations to understand the adaptability of the 

cells to rate changes. The first step in this study was to develop a stimulation technique 

to pace the cells at different cycle lengths. First, I began by testing the feasibility of 

pacing the cells using a field stimulation method using a Grass stimulator.   

Field stimulation setup  

The Grass S8800 stimulator was integrated with the Axon 200B amplifier as 

shown in Figure 3-4. The digitizer connected to the Axopatch 200B amplifier provided a 

digital output signal to the Grass stimulator. The stimulator outputs were attached to the 

stainless-steel electrode extensions of the recording chamber, and one output was 

connected to the analogue monitor to visualize the stimulation paradigm. Using the 

digital output function of the Clampex software, the Grass stimulator was triggered to 

generate programmed electrical pulses, which were then applied, via stainless steel 

electrodes, to the cells, which were housed in a temperature-controlled custom-made 

chamber. Figure 3-5 shows the design of a custom bath chamber with a central space 

for placing the coverslip containing the cells and two 3 mm diameter stainless-steel 

electrodes spaced 5 mm apart. The stainless-steel electrodes were insulated with heat 

shrink tubing and just their centre portions were exposed. A cell between the two 

electrodes was chosen for patching because it was subjected to the strongest electrical 

field. 

Though the field stimulation was able to pace the cells, I found that this approach 

had limitations. The introduction of an electric field near the tip of the recording pipette 

reduced the rate at which the capacitance decayed. This longer decay period was 

exaggerated the larger the size of the stimulation electrodes. Consequently, this affected 

the morphology of the initial phases of the recorded action potential. In addition, the 

stimulation electrodes might be moved up and down when attached to the chamber, 

making it difficult to always have them at the same distance from the chamber floor. This 

variation in height would affect the intensity of the electric field being applied to the cell. 

These limitations led me to explore alternative ways to provide programmed stimulation. 
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Figure 3-4. Field stimulation setup.  
The apparatus included a Grass S8800 stimulator, an Axopatch 200B amplifier, a temperature 
control unit, a micro manipulator, a digitizer, stainless steel electrodes, and a recording chamber. 
The digital signal command was sent by the digitizer to the Grass stimulator. The output of the 
Grass stimulator was connected to the stimulation electrodes and the analog input of the digitizer. 

 
Figure 3-5. Custom recording chamber with stimulation electrodes. 
The chamber was designed to house two 3 mm stainless-steel electrodes separated by 5 mm. 
The cell to be patched was located in the middle of the two electrodes, where the electric field 
strength is at its highest. The electrodes were insulated as depicted in the picture, exposing only 
the central section.  

I turned to adapting the Axopatch 200B amplifier for single cell stimulation. Using 

the Clampex software, I designed standard S1-S2 close-coupled stimulations as well as 

dynamic pacing protocols, while simultaneously blanking stimulation artefacts. This 

single cell stimulation and the blanking setup are depicted in Figure 3-6A-B. A custom-
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made recording chamber shown in Figure 3-6B was used to place coverslips with cells. 

A TC-344B temperature controller unit (Warner Instruments) with inline heater was used 

to maintain the temperature at 37°C and an analog input channel was used to monitor 

the temperature continuously throughout all recordings. The Clampex software was used 

to create stimulus signals in I-clamp mode. Channel #0 (stimulation channel) was used 

to configure stimulation protocols, including frequency, stimulation pulse width, and 

pacing duration (Figure 3-8). The blanking signal was generated using the digital output 

from Clampex (channel #1) and sent to the amplifier through an active blank port (Figure 

3-6A) The blanking signal was applied at the same frequency and duration as the 

stimulation channel (channel #0), but with a 2 ms increase in pulse width (Figure 3-7B). 

As such, for each stimulation applied, a 2 ms stimulus pulse and a 4 ms recorded with 

blanking of the stimulation artefact from a single hiPSC-CM.  

Stimulation protocol design  

All standard S1-S2 paired stimuli and dynamic cycle length shortening protocols 

were designed using the Axon Clampex software, as outlined in Figure 3-8A-C. To 

design the protocols, the waveform window located in the protocol editor (Figure 3-8A) 

was adjusted to set the pulses serving as the stimuli on channel #0. Epoch A was 

employed to generate S1 signals, while epoch B was utilised for the generation of S2 

signals Figure 3-13B. To control the S1 stimulation in Epoch A, the first level was used 

to set a constant value for the quantity of current in pA, with the delta level (pA) set to 

zero. The first duration was 4,500 ms for 2 Hz stimulation frequency, 4,400 ms for 2.5 

Hz, and 4,325 ms for 3 Hz. The train rate was set to 2, 2.5, or 3 Hz, and the pulse width 

was kept at a constant 2 ms. The delta duration was left at its default value of zero. To 

control the S2 stimulation in Epoch B, the first level, the current (pA), the delta level, and 

the delta duration were set to zero, while the first duration was set to 2 ms, the train rate 

was set to 500 Hz, with a pulse width of 2 ms. Using this approach, it was possible to 

alter the S1-S2 coupling interval to be anything between 500 and 110 ms by altering the 

first duration in Epoch A from 500 to 110 ms (Figure 3-8B). 



A 

 
B 

 
Figure 3-6. Single cell stimulation connections and the recording chamber. 
A. The Axopatch 200B amplifier's digital output and blanking connection are shown 
schematically. B. Image of the recording chamber setup used for the experiment. 
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A 

 

B  

 

Figure 3-7. Stimulated action potential and blanking. 
A. Comparison between the stimulus signal, blanking, and the recorded membrane response to 
the applied stimulus. B. Signals for the blanking interval and the stimulus are superimposed. 

A 

 

B 

 

C 

 

  

Figure 3-8. Stimulation protocol designing in the Clampex software. 
A. Protocol editor window. B. Stimulus protocol parameter setting window with Active channel #0 
(stimulation channel). C. Blanking signal parameter setting window with Active channel #1 
(blanking channel). 

Blanking signal  

The blanking signal was generated in order to actively blank the stimulus artifact 

(Figure 3-8C). Epoch A of channel #1 was utilised to generate blanking signals for the 

S1 stimulation, while Epoch B was utilised for the generation of blanking signals for the 

S2 stimulation. The Epoch A pulse was set with the same initial duration, and train rate 

as the in Epoch A of channel #0. The digital output channel '0' was turned on, and the 
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pulse width was set at 4 ms. In Epoch B of channel #1, the first duration was set to 4 ms, 

the digital output channel '0' was activated, and the train rate was set to 500 Hz, and the 

pulse width was set to 2 ms. The first duration of Epoch A in channel #1 should be 

changed to match that in Epoch A in channel #0, i.e., from 500 to 110 ms to 

appropriately time the blanking pulse (Figure 3-8C). 

A 

 

B 

 
C 

 
Figure 3-9 Entrainment of cells using programmed stimulation. 
A. Action potentials recorded during stimulation of an hiPSC-CM using subthreshold current 
injections. B. Action potentials recorded during stimulation with threshold current levels. C. An 
example of action potential entrainment conducted in each cell to determine stimulus threshold 
current prior to the application of programmed stimulation protocols. The oscilloscope display 
shows channels for recording membrane potential, stimuli, blanking signals, bath temperature, 
and time (top to bottom). 

 
Current threshold determination  

Once a stable recording was obtained, a custom 'I' threshold protocol was used 

to apply different amplitudes of current injections. I found that using between 0.25 and 
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0.5 nA stimulations applied at a frequency above the intrinsic rate proved most effective 

to stimulate action potentials and entrain cells. Adjustments were made to the injection 

current until a 1:1 capture was recorded (Figure 3-9A-B). The threshold of the cell was 

determined as the current at which a 1:1 stimulation: response rate was seen (Figure 3-

9B). Once a cell was paced by applying threshold or above-threshold current, it typically 

took 3 to 5 beats for the cell to adjust to the new rate, a process referred to as 

entrainment (Figure 3-9C). Entrainment was essential to attain and evaluate steady-

state action potential 

 
Figure 3-10. Effect of stimulation on the action potential morphology. 
The stimulated action potential is shown superimposed on the intrinsic action potential recorded 
from the same cell.  

After successfully entraining cells, the paced action potential was compared to 

the intrinsic action potential to determine the influence of stimulation on the action 

potential morphology. As depicted in the Figure 3-10, a superimposition of an intrinsic 

action potential on a stimulated action potential paced very close to the intrinsic rate 

shows that they have very similar morphology, indicating that stimulation has no effect 

on the shape of the action potential. 

Execution of standard S1-S2 paired stimuli, and dynamic cycle length change 
stimulation protocols 

After determining the threshold current, cells were then subjected to programmed 

stimulation protocols that we referred to as SERC and DERC protocols. The starting 

Vo
lg

at
e 

(m
V)

-80

-60

-40

-20

0

20

40
Intrinsic
Stimulated 



99 
 

cycle length for each of these protocols was based on the intrinsic beating frequency of 

each cell, and the stimulation current injection applied was 1.5 to 2X the threshold 

current. Figure 3-11A shows the standard S1-S2 close-coupled paired stimulation 

protocol (SERC). Typical membrane responses recorded from a hiPSC-CMs during a 

SERC stimulus protocol are shown in Figure 3-11B Figure 3-12 & 3-13, show the 

dynamic cycle length stimulation protocol (DERC) and typical action potentials recorded 

during in response to the changes in cycle length from 500 to 167 ms.  

A 

 
B 

 
Figure 3-11. Standard S1-S2 stimulation (SERC) paradigm and the recorded 

membrane responses.  
A. Standard S1-S2 stimulation protocol showing 8 S1 stimuli followed by an S2 that is applied at 
progressively shorter coupling intervals until the S-S2 interval reaches 110 ms. B. Membrane 
responses recorded during the final S1 and each S2 recorded at coupling intervals ranging from 
500 to 110 ms. 

 

During recordings with programmed stimulation, cells were continually perfused 

with external solution until the experiment was terminated. When the cell was exposed to 

a drug, the test concentration was superfused for a minimum of 5 min following the 

completion of a control set of protocols in the absence of the drug, which included 
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obtaining a stable recording and executing the SERC and DERC protocols under control 

(DMSO control) conditions. During drug perfusion, the action potentials of the cells were 

continuously monitored or recorded. The SERC and DERC protocols were then 

repeated after exposing cells to the drug/s in question. 

 
Figure 3-12. Membrane responses to dynamic pacing (DERC) stimulation.  
Action potentials (top) recorded in response to the dynamic cycle length change stimulation 
protocol (bottom). 30 stimulations were applied at progressively shorter cycle lengths from 500 to 
167 ms. 
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Figure 3-13. Membrane responses to dynamic pacing (DERC) stimulation. 
Slower time-base representations of action potentials recorded during the final 5 s period at each 
cycle length during the dynamic (DERC) stimulation protocol. A. 500 ms cycle length. B. 333 ms 
cycle length. C. 250 ms cycle length. D. 200 ms cycle length. E. 167 ms cycle length. Note that at 
200 ms cycle length, the cell transitioned from a 1:1 response to a 2:1 block or response. 

Limitations of the protocols 

The range of possible stimulation currents and frequencies was a limiting factor 

in my experimental technique. This was partly due to time constraints imposed by the 
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ability to maintain a stable patch for a prolonged period of time. In general, each 

experiment took 15-20 min to complete. In my studies, I was able to apply twenty-one 

protocols in each cell, including twenty S1-S2 protocols (500 to 110 ms) and one 

dynamic protocol. The Clampex software imposed additional limitations in that it was not 

possible to apply the precision of current amplitude, pulse width, and blanking times that 

was always need to suit each cell perfectly. Therefore, I used predetermined 

protocols with current injections of 0.5, 0.75, 1, and 1.5 nA and frequencies of 2 Hz to 3 

Hz (steady state). I arrived at this conclusion after observing that the majority of cells 

had an inherent frequency of approximately 2 Hz and a threshold current of between 0.5 

and 1 nA. 

3.4. Data analysis and statistics 

Exponential fits of IKr deactivation and action potential peak detection and 

parameter measurement (maximum diastolic potential (MDP), action potential amplitude, 

APD30, APD90, rise time) were conducted using Clampfit software (Axon Instruments) 

(Figure 3-14A). The diastolic interval (DI) was measured as the difference in time interval 

between the stimulus and the APD90 of the preceding action potential. The effective 

refractory period (ERP) was measured as the shortest cycle length that failed to elicit a 

ventricular response (Figure 3-14B). We defined the loss of ventricular response as a 

depolarization with a rise time of >2 ms and a decay time to 30% from the peak of >40 

ms. The PRRP was measured as the difference between the ERP and the APD90 of the 

preceding action potential (Figure 3-14B).  

All data are expressed as mean ± SEM (n = sample size). Box plots represent 1st 

quartile, median, and 3rd quartile. Whiskers represent minimum and maximum values, 

and the dashed line indicates the mean. Statistical comparisons between means were 

conducted using one-way or two-way repeated measures ANOVA with Holm-Sidak post 

hoc test as appropriate with p<0.05 used as an indicator for statistical significance. 

Sample variance, σ2, was calculated as the SD2 and significant differences in sample 

variance were determined using an F test with p<0.05 as an indicator of a difference. 
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Figure 3-14. Action potential analysis.   
A. The Clampex software peak detection function was used to determine the following action 
potential parameters: peak amplitude (mV), APD30, APD50, APD 90 (ms), rise time to peak (ms), 
and maximum diastolic potential (mV). B. Illustration of the measurement of the post 
repolarization refractory period (PRRP) (ms). C. Illustration of the determination of loss of 
ventricular capture.  
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3.5. Results 

3.5.1. Generation of isogenic WT sham and hERG R56Q hiPSC-CM 
lines 

We utilized CRISPR/Cas9-induced homology-directed repair mechanisms in 

cultured hiPSCs to engineer a precise a.167G>A edit in the hERG gene that results in 

the LQTS2-associated hERG p.Arg56Gln (R56Q) variant. The R56Q variant is located 

within the intracellular PAS domain in the hERG channel (Figure 3-15A) that is critical for 

slow hERG channel deactivation (Chen et al., 1999; Gustina et al., 2009).  Figure 3-15B 

shows example genotyping chromatograms indicating successful introduction of a 

heterozygous edit that codes for the R56Q variant as is observed in patients.  

 

 
Figure 3-15. Generation of the heterozygous hERG R56Q variant in hiPSCs and 

their differentiation into cardiomyocytes.  
A: The hERG R56Q variant is located within the PAS domain of the hERG channel. B: 
Chromatograms from the sequencing of a WT sham clone and a heterozygous hERG R56Q 
clone with the G to A substitution at both the mutation site (red box) causing the R to Q amino 
acid change, and at the PAM site (black box) where the substitution creates a silent mutation that 
disrupts the PAM biding site and prevents further Cas9 binding in edited cells. C: Selected WT 
sham and hERG R56Q clones were successfully maintained as hiPSC colonies and differentiated 
into beating cardiomyocytes that stained for the cardiac markers cardiac troponin T (cTNT) and 
alpha actinin (ACTN2). D: Upon dissociation and single cell replating of the beating monolayers, 
individual cardiomyocytes were immunoreactive for cTNT and ACTN2. E: RT-PCR of hiPSC 
colonies and hiPSC-CM monolayers showed a decrease in pluripotency markers and increase in 
cardiomyocyte markers at the transcript level upon differentiation. Although immature in nature, 
these hiPSC-CMs presented clear striation patterning of these cardiac sarcomeric markers. This 
is further highlighted by RT-PCR measures demonstrating that cardiomyocyte differentiation of 
the clones resulted in decreased expression of pluripotency transcripts and increased expression 
of cardiomyocyte transcripts (Figure 3-15E). 
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Figure 3-15B also shows sequence from a WT sham clone, which we used 

throughout the study, since these cells provide a stringent control having been exposed 

to CRISPR/Cas9 editing components without experiencing the R56Q. Several potential 

off-target gene sequences were sequenced and found to be free from edits, and using 

these cells as our control case reduces possible confounding effects of putative off-

target Cas9 cleavage and random DNA repair in other genes. hiPSC clones maintained 

characteristic features of hiPSCs and were successfully differentiated into beating 

cardiomyocyte monolayers (hiPSC-CMs) which stained for cardiac troponin T (cTNT) 

and alpha-actinin (ACTN2) in both a monolayer and when plated as individual cells 

(Figure 3-15C and D). 

hiPSC-CMs harbouring the CRISPR-edited hERG R56Q variant 
display rapidly deactivating IKr that is slowed by the hERG activator, 
RPR260243 

To validate the phenotypic consequences of the gene-edited hERG R56Q 

hiPSC-CMs, we first conducted a biophysical assessment of IKr gating properties using 

voltage clamp electrophysiology in single isolated hiPSC-CM cells. Figure 3-16A and B 

shows example currents recorded from WT sham and hERG R56Q mutant hiPSC-CMs 

in response to the voltage protocol shown. IKr currents were measured as the dofetilide-

sensitive current following application of 10 μM dofetilide. In WT sham iPSC-CMs, 

dofetilide-sensitive IKr activated slowly upon depolarization demonstrating classical 

inward rectification properties, and upon repolarization of the membrane to -40 mV IKr 

slowly deactivated as hERG channels close. This latter hallmark feature of hERG 

channel behaviour was altered by the R56Q edit. In hiPSC-CMs harbouring the hERG 

R56Q variant, deactivation of IKr was accelerated: the  of deactivation was reduced from 

1,437.0 ± 199.4 ms in WT sham cells (n=3) to 325.3 ± 46.7 ms in hERG R56Q cells 

(n=5; p=0.008, one-way ANOVA with Holm-Sidak post hoc test). Accelerated 

deactivation gating in the hERG R56Q line is consistent with the well-described 

phenotypic gating disturbance of this LQTS-associated variant (Chen et al., 1999). Since 

one aim of these studies was to investigate the antiarrhythmic potential of targeting 

hERG channels with the selective activator, RPR260243, we also measured its effect on 

IKr in these cells. Figure 3-16C and D shows that application of 10 μM RPR260243 

slowed deactivation in hERG R56Q hiPSC-CMs: the  of deactivation at -40 mV was 
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increased to 1,298.6 ± 262.3 ms (n=5; p=0.011 when compared with R56Q cells without 

RPR260243, one-way ANOVA, with Holm-Sidak post hoc test). These data demonstrate 

that IKr deactivation is accelerated in hERG R56Q hiPSC-CMs and that the hERG 

channel activator, RPR260243, slows deactivation of IKr in hiPSC-CMs. 

 
Figure 3-16. Effect of the hERG R56Q variant and RPR260243 on IKr in hiPSC-CMs.  
A-C: Representative IKr traces recorded from WT sham (A), hERG R56Q (B), and hERG R56Q 
with 10 μM RP260243 (C; hERG R56Q+RPR) during the voltage clamp protocol shown in the 
inset in A. D: Box plot showing the deactivation time constant (τ) recorded at -40 mV in each 
case.  WT sham n = 3; hERG R56Q n = 5; hERG R56Q+RPR260243 n = 5. #indicates p = <0.05.  

3.5.2. Effect of the hERG R56Q variant and channel activator, 
RPR260243, on action potential characteristics in hiPSC-CMs 

To explore the phenotypic consequences of the R56Q variant and RPR260243, 

we recorded action potential characteristics in single beating WT sham and hERG R56Q 

hiPSC-CMs in the absence and presence of 10 μM RPR260243 during current clamp 

electrophysiology. Action potentials were recorded in response to a train of 30 

programmed electrical stimulations applied at 2 Hz (500 ms basic cycle length, BCL; 

Figure 3-17A). Cells typically became entrained after 3-5 stimuli and examples of the last 

action potential of the train, i.e. steady-state, in WT sham and hERG R56Q cells with 

and without RPR260243 are shown. In each case, recorded action potentials were 

ventricular-like in morphology with a prolonged plateau phase; quantitative analyses of 

action potentials characteristics are shown in Figure 3-17B and Table 3-1. The maximum 
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diastolic potential (MDP) was similar in WT sham and hERG R56Q cells: the MDP was –

63.9 ± 2.7 (n=5) and –63.4 ± 1.5 mV (n=9), respectively (p=0.880; two-way repeated 

measures ANOVA with Holm-Sidak post hoc test). The peak action potential amplitude 

was also not different, being 98.1 ± 5.4 mV in WT sham cells and 99.2 ± 2.9 mV in the 

hERG R56Q variant (p=0.853; two-way repeated measures ANOVA with Holm-Sidak 

post hoc test). In terms of action potential duration (APD), the average APD90 was 234.9 

± 12.0 ms in WT sham cells and 282.9 ± 21.6 ms in hERG R56Q (p=0.171; two-way 

repeated measures ANOVA with Holm-Sidak post hoc test). Interestingly, unlike 

measurements of other parameters, i.e. MDP, and amplitude, we observed marked 

variability in the APD90 in the case of hERG R56Q hiPSC-CMs.  

 
Figure 3-17. Steady-state action potential properties.  
A: Representative steady-state action potential recordings at 500 ms BCL from WT sham and 
hERG R56Q hiPSC-CMs in the absence and presence of 10 μM RPR260243. The last action 
potential in the train of 20 is shown. WT sham control (black), WT sham with RPR260243 (grey; 
WT sham+RPR), hERG R56Q control (red), hERG R56Q with RPR260243 (hERG R56Q+RPR; 
blue). B: Box plot representations of measured steady-state action potential characteristics. MDP, 
maximum diastolic potential; APD30, action potential duration at 30% of repolarization; APD90, 
action potential duration at 90% of repolarization; triangulation index, APD90-APD30 (see A). WT 
sham n = 5; WT sham+RPR n = 5; hERG R56Q n = 9; hERG R56Q+RPR n = 9. Each dot 
represents the average of 20 steady-state action potentials in one cell. The variance, σ (ms)2, of 
each parameter is indicated. There were no significant differences in any of the action potential 
parameters between different. *indicates significantly different variance between groups (p = 
<0.05; F-test).  
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The variance, σ (SD2), of APD90 was increased from 715.1 ms2 in WT sham cells 

to 4,190.5 ms2 in hERG R56Q cells (p=0.037, F-test). Similarly, while the mean APD30 

value was not affected by the hERG R56Q variant (APD30 values were 128.4 ± 3.4 ms in 

WT sham cells and 146.3 ± 14.4 ms in hERG R56Q (p=0.381; two-way repeated 

measures ANOVA with Holm-Sidak post hoc test)), the variance of APD30 within the 

hERG R56Q cells was greater than that in WT sham cells. The variance, σ (SD2), of 

APD30 was increased from 58.8 ms2 in WT sham cells to 1,866.7 ms2 in hERG R56Q 

cells (p=<0.001, F-test). The index of triangulation (APD90-APD30) was not different in 

hERG R56Q cells compared with that in WT sham cells, nor was the sample variance 

different; APD90-APD30 was 105.7 ± 12.2 ms in WT sham and 136.6 ± 13.3 ms in hERG 

R56Q cells (p=0.162; two-way repeated measures ANOVA with Holm-Sidak post hoc 

test). Examining the effects of the RPR260243 hERG channel activator, we observed no 

significant effects on steady-state action potential characteristics in either WT sham or 

hERG R56Q hiPSC-CM lines (see Table 3-1) consistent with previous observations in 

animal models (Kang et al., 2005). 

 

Table 3-1. Steady state action potential characteristics. 
Properties of steady state action potentials in WT sham and hERG R56Q hiPSC-CMs recorded at a 
stimulation frequency of 2 Hz. 

 WT sham WT sham +RPR260243 hERG R56Q hERG R56Q 
+RPR260243 

Amplitude (mV) 98.2 ± 5.4 104.5 ± 2.9 99.2 ± 2.9 102.9 ± 3.7 

MDP (mV) -63.9 ± 2.7 -68.3 ± 2.5 -63.4 ± 1.5 -66.0 ± 2.5 

APD30 (ms) 128.4 ± 3.4 141.5 ± 15.9 146.3 ± 14.4 161.8 ± 12.0 

APD90 (ms) 234.9 ± 12.0 244.6 ± 32.8 282.9 ± 21.6 289.8 ± 20.4 

APD90-APD30 (ms) 105.7 ± 12.2 103.1 ± 18.0 136.6 ± 13.3 127.8 ± 12.5 
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3.5.3. Effects of the R56Q variant and RPR260243 on the 
ventricular response to short-coupled premature 
stimulations in hiPSC-CMs 

Our working hypothesis is that R56Q variant pathogenicity may result from 

reduced protection against premature depolarizations, rather than effects of steady-

state action potential characteristics. To test this, we investigated action potential 

restitution properties in WT sham and hERG R56Q hiPSC-CMs using a standard S1-

S2 stimulation paradigm. In these studies, cardiomyocytes were entrained at a BCL 

of 500 ms for 8 beats and the response to S2 stimuli applied at progressively shorter 

coupling intervals was evaluated. Figure 3-18A shows overlays of example 

membrane potential responses recorded from WT sham and hERG R56Q hiPSC-

CMs in response to the last S1 of the train and S2 stimulations applied at a range of 

coupling intervals. In each case, longer S1-S2 coupling intervals produced robust 

action potentials indicating recovery of the membrane from the refractory period. 

However, shorter coupling intervals failed to capture an action potential response. 

Figure 3-18B plots how the APD90 of the response to the S2 stimulation depended on 

the preceding diastolic interval (DI). These standard electrical restitution curves 

(ERCs) describe adaptation of cellular action potentials to acute changes in diastolic 

interval. Each curve shows data recorded from one cell and similar plots were 

constructed in seven WT sham cells and fifteen hERG R56Q cells. 

 

Table 3-2. Electrical restitution curve properties. 

 WT sham WT sham 
+RPR260243 

hERG R56Q hERG R56Q 
+RPR260243 

Standard ERC     

Max slope 3.1 ± 0.6 2.5 ± 0.3 3.4 ± 0.5 4.0 ± 0.8 

DI at slope ≥1 (ms) 50.68 ± 5.44 54.38 ± 4.32 69.97 ± 10.14 74.64 ± 6.26 

Dynamic ERC     

Max slope 2.0 ± 0.3 1.7 ± 0.2 2.1 ± 1.1 2.3 ± 0.4 

DI at slope ≥1 (ms) 55.4 ± 8.5 76.8 ± 7.0 74.8 ± 9.0 91.4 ± 11 
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The ERC relationships were best fit using a sigmoidal equation from which 

the maximal slope of the ERC was derived. Mean maximal slope values for the 

standard ERCs recorded from all WT sham and hERG R56Q hiPSC-CMs in the 

absence and presence of 10 μM RPR260243 are shown in Table 3-2. In WT sham 

cells, the maximum ERC slope was 3.1 ± 0.6 (n=7). To our knowledge, this is the first 

report of the maximal ERC slope in hiPSC-CMs. The maximum ERC slope in hERG 

R56Q cells was 3.4 ± 0.5 (n=15), which was not different from that in WT sham cells 

(p=0.785; two-way repeated measures ANOVA with Holm-Sidak postdhoc test). In 

the presence of RPR260243, the maximal slope of the ERC was 2.5 ± 0.3 (n=7) in 

WT sham cells and 4.0 ± 0.8 (n=15) in hERG R56Q cells (p=0.608 and 0.384, 

respectively, compared with pre-drug control, two-way repeated measures ANOVA 

with Holm-Sidak postdhoc test). Although the implications of ERC slope are debated, 

because a slope of >1 has been associated with development of alternans and VF in 

humans and other mammals, we measured and compared the minimum DI at which 

the ERC slope became ≥1 in the different cell lines and conditions. In WT sham cells, 

the ERC slope became ≥1 at a DI of 48.3 ± 4.5 ms. In hERG R56Q cells the DI at 

which the ERC slope became ≥1 was 61.4 ± 8.2 ms, which was not significantly 

different from that in WT sham (p=0.246). The presence of RPR260243 had no 

significant effect on the DI at which the slope ≥1 in either cell line: the DI was 51.6. ± 

4.2 ms in WT sham cells and 74.5 ± 6.1 ms in hERG R56Q cells (p=0.770 and 0.099, 

respectively, compared with pre-drug control, two-way repeated measures ANOVA 

with Holm-Sidak post hoc test).  
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Figure 3-18. Standard action potential restitution properties of hiPSC-CMs.  
A: Overlay of representative voltage traces recorded in response to the current stimulus 
protocol shown. Membrane responses were recorded during 8 S1 stimuli at a BCL of 500 ms 
followed by a single premature stimulus (S2) at progressively shorter S1-S2 intervals ranging 
from 500 down to 110 ms. Some captured responses at longer S1-S2 intervals have been 
removed for clarity. WT sham control (ctrl; black), WT sham with 10 μM RPR260243 (WT 
sham+RPR; grey); hERG R56Q control (ctrl; red), hERG R56Q with 10 μM RPR260243 
(hERG R56Q+RPR; blue). B: Representative standard APD90 restitution curves from an 
example hiPSC-CM in each case. The data were fit with a sigmoidal function (solid line) and 
symbols indicate measured APD90 at each DI. The mean maximum slope and the mean 
minimum DI at which the slope became ≥1 from all cells (n=7 ) 3.1 ± 0.60 and 50.68 ± 5.44 in 
the case of WT sham ctrl, WT sham+RPR, hERG R56Q ctrl, and hERG R56Q+RPR, 
respectively) are indicated 
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3.5.4. The R56Q variant and RPR260243 application affect the 
membrane response to premature depolarizations  

While the maximal steepness of the ERC relationship was not greatly 

influenced by the R56Q variant or RPR260243 application, analysis of the membrane 

voltage responses to paired S1-S2 stimulations enables quantitative assessment of 

cellular responses to premature depolarization. Figure 3-19A shows example 

ventricular responses to short-coupled S1-S2 stimulation pairs. In WT sham cells, the 

earliest captured ventricular response (ECVR) was of low amplitude, slow rise time, 

and short duration compared with the response to the prior S1 stimulation. 

Interestingly, the characteristics of the earliest captured response in hERG R56Q 

cells displayed substantial heterogeneity compared with WT sham cells (Figure 3-19 

B-E). The average rise time of the earliest captured ventricular response in WT sham 

cells was 23.7 ± 1.4 ms with a variance, σ (SD2), of 11.9 ms2 (n=7), while the rise 

time was 37.1 ± 6.3 ms in hERG R56Q cells (p=0.276; compared with WT sham, 

two-way repeated measures ANOVA) with a σ of 600.0 ms2 (p=0.0002, F-test; n=15). 

The average APD90 of the earliest captured response also tended to be prolonged by 

the R56Q variant: the average APD90 of the earliest captured response was 105.9 ± 

14.5 ms in WT sham compared with 162.9 ± 16.7 ms in hERG R56Q cells (p=0.052; 

two-way repeated measures ANOVA). Other properties, such as MDP and 

amplitude, were not significantly different between WT sham and hERG R56Q lines. 

These data suggest that the R56Q variant enhances the variability of the membrane 

response to premature depolarizations. 

Application of RPR260243 to hERG R56Q cells reduced the variability of the 

earliest captured ventricular response (Figure 3-19B-E). In the presence of 10 μM 

RPR260243, the rise time of the earliest response in hERG R56Q cells was 

significantly reduced to 25.3 ± 2.7 ms (n=15; p=0.014 when compared with hERG 

R56Q in the absence of RPR260243, two-way repeated measures ANOVA), and the 

variance, σ, was reduced to 106.7 ms2 (p=0.001, F-test; Figure 3-19B). RPR260243 

also significantly increased the diastolic interval of the earliest captured ventricular 

response and decreased the diastolic potential reached between S1 and S2 stimuli in 

both WT sham and hERG R56Q cells suggesting that the hERG activator reduced 

excitability (Figure 3-19D).  



112 
 

 

 
Figure 3-19.The earliest captured ventricular responses during close-coupled 

S1-S2 stimulation.  
A: Representative examples of earliest captured ventricular responses (ECVR) in WT sham, 
hERG R56Q, and hERG R56Q with 10 μM RPR260243 (hERG R56Q+RPR) during close-
coupled S1-S2 stimulations. Insets show the response to the S2 stimulation on a faster time-
base to highlight the rise-time. B-E: Box plot representations of ECVR properties. WT sham n 
= 7; WT sham+RPR (n = 7); hERG R56Q n = 15; hERG R56Q+RPR n = 15. Each dot 
represents data from a single cell and the variance of each group is given. #indicates 
significantly different mean value (p = <0.05). *indicates significantly different sample variance 
(p = <0.05, F-test). 

These observations suggest that the R56Q variant increases heterogeneity of 

the earliest captured ventricular response and that RPR260243 reduces this 

variability and protects against premature depolarizations. To explore this further, we 

measured the effect of the R56Q variant and RPR260243 on the relationship 

between the effective refractory period (ERP) and the APD, which is a known 

indicator of arrhythmogenicity (Koller et al., 1995a; Kirchhof et al., 2003; Selvaraj et 

al., 2007). Figure 3-20 plots the difference between the ERP and the APD90 of the 

action potential initiated by the penultimate S1. This yields the post-repolarization 

refractory period (PRRP = ERP-prior APD90) in each cell and condition (Figure 3-

20A). In WT sham cells the PRRP was –19.6 ± 4.3 ms (n=6) indicating that short-

coupled S2 stimuli arriving prior to 90% repolarization of the S1 action potential are 

capable of eliciting action potentials, i.e., encroachment occurs. In hERG R56Q cells 
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the PRRP was –8.9 ± 6.8 ms (n=15). This was not significantly different from that in 

WT sham cells (p=0.402, two-way repeated measures ANOVA), however, there was 

significantly greater cell-to-cell variability in PRRP measurements in the case of 

hERG R56Q (Figure 3-20B): σ was 110.9 ms2 in WT sham and 696.9 ms2 in hERG 

R56Q cells (p=0.026, F-test). Application of RPR260243 increased the PRRP in both 

WT sham and hERG R56Q cells (Figure 3-20C and D). The presence of 10 μM 

RPR260243 increased the PRRP by 13.1 ± 4.8 and 26.8 ± 7.7 ms in WT sham 

(p=0.040) and hERG R56Q (p=<0.001) cells, respectively. This indicates that the 

hERG activator RPR260243 increases the post-repolarization refractoriness.  

 
Figure 3-20. Post repolarization refractory period (PRRP) and the ERP/APD90 

ratio.  
A: Annotated descriptions of the effective refractory period (ERP), PRRP, and ERP/APD90 
ratio. Note that a negative PRRP reflects encroachment and an ERP/APD90 ratio <1, while a 
positive PRRP reflects that the APD90 is shorter than the ERP (ERP/APD90 ratio >1). B-D:  
Box plot representations showing the effect of the hERG R56Q variant and 10 μM 
RPR260243 on the PRRP. C: Comparison of WT sham (n = 7) with hERG R56Q (n = 15). D: 
Comparison of the PRRP in WT sham cells (n = 7) with and without RPR260243 (n = 7). Drug 
effect (Δ) indicates the difference. E: Comparison of the PRRP in hERG R56Q variant cells 
with (n = 15) and without RPR260243 (n = 15). Each dot represents data from a single cell. 
#indicates significantly different mean value (p = <0.05). 

The ERP/APD90 ratio is also used as a biomarker of arrhythmogenicity 

(Koller et al., 1995; Selvaraj et al., 2007; Osadchii, 2012a; b, 2019)  . A low 

ERP/APD90 ratio has worse prognosis since the APD90 is longer than the ERP, 

while higher ratios imply full repolarization of the preceding action potential before the 

next can be elicited. In WT sham cells, the average ERP/APD90 ratio was 0.96 ± 

0.03 While the average of all hERG R56Q cells had an ERP/APD90 ratio of 0.98 ± 

0.03, one set of cells (n=5) had an ERP/APD90 ratio <1 with an average ratio of 0.86 
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± 0.02, while the other (n=10) had an ERP/APD90 ratio >1 with an average ratio of 

1.04 ± 0.02.This suggests the presence of heterogeneity in the balance of 

repolarization and refractoriness in hERG R56Q cells that was not present in WT 

sham cells (see further below). 

3.5.5. Effects of the hERG R56Q variant and RPR260243 on action 
potential adaptation to dynamic rate changes in hiPSC-CMs 

 The data so far describe the impact of the R56Q variant and RPR260243 

application on steady-state action potentials and membrane responses to premature 

depolarizations. We next investigated action potential responses during dynamic 

adaptation to rate transitions. Figure 3-21 shows representative membrane potential 

recordings in response to a stimulus protocol designed to interrogate how action 

potentials adapt to dynamic changes in stimulus rate. Example membrane responses 

obtained from a WT sham cell and a hERG R56Q cell are shown. Figure 3-21A and 

C highlights the progressive action potential changes observed during 30 

stimulations applied at progressively shorter cycle lengths from a BCL of 500 ms to 

167 ms. Action potentials recorded during the final 5 s at each cycle length are 

shown on a slower time-base in Figure 3-21B and D. Cells demonstrated 1:1 capture 

of action potentials with stimulations applied at longer BCLs and progression to 2:1 

capture at shorter BCLs. The percentage of cells displaying 2:1 capture at each BCL 

is shown as bar charts. We observed an increased incidence in the loss of 1:1 

capture at shorter BCLs in hERG R56Q cells compared with WT sham cells. For 

example, at a BCL of 250 ms 1:1 capture was preserved in 100 % of WT sham cells, 

but only 40 % of hERG R56Q cells, with 60 % of the latter group demonstrating 2:1 

capture at this BCL. 
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Figure 3-21. Action potential restitution properties of hiPSC-CMs during 
dynamic rate changes.  

A: Example membrane voltage responses to the stimulus protocol shown in WT sham and 
hERG R56Q hiPSC-CMs in which 30 stimuli are applied at decreasing BCLs from 500 to 167 
ms. B, C: Membrane responses at each BCL on a faster time-base. The last 5 s at each BCL 
is shown. The percentage of cells showing 2:1 capture is shown at the right for each BCL. 

The relationship between APD90 and DI during rate changes was used to plot 

dynamic electrical restitution curves. The slope of the dynamic restitution curve was 

determined by fitting the APD90-DI relationship with a sigmoidal function and the 
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average maximum slopes are shown in Table 3-2. We observed no remarkable 

differences across the conditions tested: maximum slope values were 2.0 ± 0.3 in 

WT sham (n=7), 1.7 ± 0.2 in WT sham with 10 μM RPR260243 (n=7), 2.1 ± 1.1 in 

hERG R56Q (n=15), and 2.3 ± 0.4 in hERG R56Q with 10 μM RPR260243 (n=15). 

However, we observed significant differences in how the APD90 responded to 

transitions in cycle length in WT sham and hERG R56Q cells (Figure 3-22). Example 

diary plots of APD90 recorded from a WT sham cell in the absence and presence of 

10 μM RPR260243 are shown in Figure 3-22A and highlight the low APD90 variance 

during transitions from a BCL of 500 ms to 333 ms and then to 250 ms (Figure 3-

22D). We observed a marked difference in the APD90 response to rate transitions in 

hERG R56Q cells depending on the ERP/APD90 ratio. In hERG R56Q cells with an 

ERP/APD90 ratio >1 the APD90 variance was low during rate transitions, similar to that 

observed in WT Sham cells (Figure 3-22C). However, in hERG R56Q cells with an 

ERP/APD90 ratio <1, the variance in APD90 during rate transitions was significantly 

increased (Figure 3-22B). The variance, σ (SD2), of the first 5 beats following cycle 

length shortening is shown in Figure 3-22D. While RPR260243 did not reduce this 

variance in APD90 during rate transitions, the hERG activator encouraged hERG 

R56Q cells that displayed highly variant, unstable, APD90 responses into a more 

stable 2:1 capture, indicating suppression of premature beats. This is evident in the 

example diary plots in Figure 3-22B and is further highlighted by the observation that 

without RPR260243 40% of the hERG R56Q cells with an ERP/APD90 ratio <1 were 

in 2:1 capture at 333 ms BCL, compared with 60 % in the with 10 μM RPR260243 (at 

250 ms BCL, 2:1 capture was observed in 100 % of cells both with and without 

RPR260243). 
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Figure 3-22. APD90 adaptation to abrupt rate transitions.  
A-C: Diary plots of measured APD90 values from an example WT sham cell (A), hERG R56Q 
cell with an ERP/ADP90 ratio <1 (B), and hERG R56Q cell with an ERP/ADP90 ratio <1 (C) in 
the absence and presence of 10 μM RPR260243. APD90 values are plotted during rate 
transitions from a BCL of 500 ms to 333 ms (left) and from 333 ms to 250 ms (right). In each 
case, the APD90 from the final five beats at the longer BCL and the initial five beats at the new 
BCL are shown. D. Box plot representations of the variance of the APD90 of the first five beats 
following BCL transition from 500 to 333 ms (left) and from 333 to 250 ms (right). Each dot 
represents data from a single cell. WT sham n = 7 (white), WT sham with 10 μM RPR260243 
n = 7 (WT sham+RPR; grey), hERG R56Q with an ERP/APD90 ratio <1 n = 5 (R56Q<1; red), 
hERG R56Q with an ERP/APD90 ratio <1 with 10 μM RPR260243 n = 5 (R56Q<1+RPR; 
blue), hERG R56Q with an ERP/APD90 ratio >1 n = 10 (R56Q>1; pink), hERG R56Q with an 
ERP/APD90 ratio >1 with 10 μM RPR260243 n = 10 (R56Q>1+RPR; pale blue). #indicates 
significant difference (p = <0.05). 
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In addition to greater instability during rate transitions, we also observed 

increased beat-to-beat variability in the APD90 during 20 beat stimulation trains paced 

at a constant cycle length in hERG R56Q cells with an ERP/APD90 ratio <1. This is 

represented by Poincare plots of the APD90 from the nth action potential against that 

from the nth+1 action potential (Figure 3-23). Example data from a representative WT 

sham cell over a range of BCLs is shown in Figure 3-23A. Figure 3-23C and E show 

Poincare plot examples from an hERG R56Q cell with an ERP/APD90 ratio of >1 and 

<1, respectively. Ellipses constrained by the data with 95% confidence were drawn 

for each individual cell (not shown) and the average SD1 (short term variability; 

perpendicular to the line of identity) beat-to-beat variability at each cycle length is 

plotted in Figure 3-23B-F and listed in Table 3-3. The Poincare plots and SD1 

analyses show that the beat-to-beat variability of APD90 in WT sham cells is relatively 

low, but as expected increases somewhat at the shorter BCL of 250 ms as alternans 

and 2:1 capture are observed in some cells at this high stimulation rate. The effect of 

RPR260243 is minor, but it is noteworthy that the hERG activator reduces alternans 

and stabilizes action potential responses in 2:1 capture at shorter cycle lengths in 

cells showing less stable APD90 beat-to-beat variability (see BCL 250 ms Figure 3-

23A). The beat-to-beat variability in hERG R56Q cells with an ERP/APD90 ratio >1 

was low and similar to that observed in WT sham cells (Figure 3-23E and F). 

However, the SD1 values describing beat-to-beat variability were significantly greater 

in hERG R56Q cells with an ERP/APD90 ratio <1 than those measured in WT sham 

cells at each BCL (Figure 3-23C and D, see also Table 3-3). In these hERG R56Q 

cells with an ERP/APD90 <1, we observed unstable, variable (dispersed) beat-to-beat 

APD90 values, particularly as the cycle lengths shortened, e.g. 333 ms BCL. In these 

cells, RPR260243 reduced the beat-to-beat variability, favouring stable 2:1 capture of 

action potential firing in place of ectopic action potentials with erratic, variable, APD90 

(Figure 3-23-C and D). 
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Figure 3-23. Beat-to-beat variability of APD90 in hiPSC-CMs during constant 

pacing. 
 A, C, E: Poincare plots of the nth APD90 during the nth action potential plotted against that 
during the (n+1) action potential during 20 steady-state beats at a range of BCLs in an 
example WT sham cell (A), a hERG R56Q cell with an ERP/APD90 ratio <1 (R56Q<1; C), 
and a hERG R56Q cell with an ERP/APD90 ratio >1 (R56Q>1; E). Data are shown in the 
absence (white, red, and pink) and presence (grey, blue, and pale blue) of 10 μM 
RPR260243. B, D, E: Box plot representations of short-term variability, SD1, values 
calculated from Poincare plots at each basic cycle length in each cell. Each dot represents 
the SD1 value of a single cell. #indicates significant difference from WT sham (p = <0.05). 
+indicates significant difference from R56Q>1 (p = <0.05). 
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Table 3-3. Poincare SD1 values of beat-to-beat APD90 variability. 
SD1 

values at 
BCL 

WT 
sham 

WT 
sham 
+RPR 

hERG R56Q 
ERP/APD90 <1 

hERG R56Q 
ERP/APD90 
<1 +RPR 

hERG R56Q 
ERP/APD90 

>1 

hERG R56Q 
ERP/APD90 
>1 +RPR 

500 ms 17.1 ± 
2.8 

19.6 ± 
4.7 

50.8 ± 15.3# 45.1 ± 14.1 20.9 ± 3.2^ 18.7 ± 1.5^ 

333 ms 21.2 ± 
5.7 

15.9 ± 
4.5 

293.3 ± 130.7# 343.5 ± 140.2 15.0 ± 1.8^ 95.8 ± 57.0^ 

250 ms 59.0 ± 
24.9 

131.6 ± 
72.8 

451.7 ± 86.5# 345.1 ± 129.4 105.0 ± 45.7^ 176.9 ± 66.2 

       #indicates significantly different from WT sham, ^indicates significantly different from hERG R56Q ERP/APD90 <1. 

3.5.6. Heterogeneity of hERG R56Q ventricular cell electrical activity 

Having observed beat-to-beat variability and rate-transition instability in APD90 in 

hERG R56Q cells with an ERP/APD90 ratio <1, but not in those with a ratio of >1, we re-

evaluated our previous measures of the PRRP and steady-state APD90 and triangulation in 

hERG R56Q cells, where we had observed high variance compared with WT sham cells 

(Figure 3-20 and 3-17). Figure 3-24 compares the PRRP, APD90, and triangulation index 

values in hERG R56Q cells with an ERP/APD90 ratio <1 with those with a ratio of >1 as well 

as WT sham cells in the absence and presence of RPR260243. These plots show that the 

hERG R56Q cells that showed beat-to-beat variability and rate-transition instability (i.e., 

those with ERP/APD90 <1), had a more negative PRRP, i.e., increased encroachment, 

prolonged APD90, and increased triangulation index compared with the equivalent values in 

WT sham cells (see Table 3-4). In contrast, those hERG R56Q cells that showed WT-like 

beat-to-beat variability and rate-transition stability (i.e., those with ERP/APD90 >1), had a 

more positive PRRP, i.e. reduced, or no encroachment, and no change in APD90 or 

triangulation index compared with WT sham cells (Table 3-4). These findings suggest the 

presence of a mixed cellular phenotype in the hERG R56Q variant that likely contributes to 

functional heterogeneity and arrhythmogenicity 
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Figure 3-24. ERP/APD90 ratio-based arrhythmogenic indicators. 
 A-C: Comparison of PRRP (A), APD90 (B) and triangulation index (C) in WT sham, hERG R56Q 
ERP/APD90 <1, and hERG R56Q ERP/APD90 >1 cells in the absence and presence of RPR260243. 
#indicates significant difference (p = <0.05). 

 
Table 3-4. Biomarkers of arrhythmogenicity in hERG R56Q cells.  

 WT sham WT sham 
+RPR 

hERG R56Q 
ERP/APD90 <1 

hERG R56Q 
ERP/APD90 
<1 +RPR 

hERG R56Q 
ERP/APD90 

>1 

hERG R56Q 
ERP/APD90 
>1 +RPR 

PRRP (ms) -19.6 ± 4.3 -6.4 ± 1.9 -39.4 ± 6.8 +0.1 ± 23.0+ +6.3 ± 4.5^ +26.8 ± 4.9+ 

APD90 (ms) 229.7 ± 15.1 214.5 ± 20.3 335.4 ± 25.1# 286.9 ± 25.6+ 216.7 ± 12.1^ 201.4 ± 16.5 

Triangulation 
(ms) 

103.0 ± 9.2 95.2 ± 11.0 176.0 ± 19.4# 140.0 ± 12.2+ 97.3 ± 7.0^ 85.6 ± 6.9 

#indicates significantly different from WT sham, +indicates significantly different from untreated control, ^indicates 
significantly different from hERG R56Q ERP/APD90 <1. 
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3.6. Discussion 

The findings of this study provide novel evidence for mechanisms of 

pathogenicity in LQTS2 variant carriers where the QTc is borderline or normal, i.e., 

concealed LQTS, and does so using hiPSC-CMs, which have high potential for 

translation to humans. Using the highly studied hERG R56Q variant, which has an 

uncertain mechanism of arrhythmogenicity, despite being associated with LQTS2 as a 

case in point, we show that, without significant effect on mean APD90, the hERG R56Q 

variant introduces marked beat-to-beat variability in APD during constant cycle length 

pacing, enhances variance of APD during rate transitions, and results in more variable 

membrane responses to premature stimulations. These findings indicate that the hERG 

R56Q variant induces pathogenicity by facilitating heterogeneous APD dynamics within 

individual cells which could provide the substrate for spatial dispersion of repolarization 

that underlies arrhythmic events. In addition, we found that application of the type 1 

hERG channel activator, RPR260243, reduces the APD variance, increases the post-

repolarization refractoriness and increases the protection against action potential firing in 

response to premature stimulation in hERG R56Q hiPSC-CMs. These findings illustrate 

the potential protection afforded by hERG activator compounds that slow channel 

deactivation against both triggered activity and electrical heterogeneity, which occurs 

without significant APD90 shortening and the associated risk of early repolarization. 

3.6.1. An hiPSC-CM model to test the consequences of targeted 
manipulation of hERG channel deactivation gating 

Study of the hERG R56Q variant and the effects of application of RPR260243 

enabled assessment of the pathogenic consequences of accelerated deactivation and 

targeted pharmacological rescue of slow deactivation in hiPSC-CMs and their 

implications on indices of arrhythmogenicity. Dofetilide-sensitive IKr recordings from 

hERG R56Q hiPSC-CMs showed they display the expected fast deactivating channel 

phenotype and subsequent slowing of deactivation following application of RPR260243 

(Figure 3-16). Accelerated deactivation gating is the most pronounced characteristic of 

the R56Q variant  (Chen et al., 1999; Liu et al., 2015), although recent evidence 

suggests that the membrane stability of channel protein might be affected by the variant 

resulting in a modest (~20 %) reduction in surface expression (Foo et al., 2019). 
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Similarly, at the concentration used in the current study (10 μM) the effect of 

RPR260243 is reasonably specific to hERG channel deactivation, although higher 

concentrations reduce hERG inactivation (Kang et al., 2005c; Kemp et al., 2021). The 

effects of RPR260243 on hERG channels is reported to be specific, with little effect on 

other cardiac ion channels (Kang et al., 2005). Thus, this study not only provides the first 

demonstration of the phenotypic effects of the hERG R56Q variant and of the 

RPR260243 activator in hiPSC-CMs, but also enables testing of the working hypothesis 

that accelerated deactivation of hERG channels induces pathogenicity with only muted 

effects on action potential duration by reducing refractoriness and protection against 

premature depolarization, which can be rescued by targeted slowing of deactivation 

gating. 

3.6.2. Steady-state action potential responses  

 Previous studies have reported or predicted differing effects of the R56Q variant 

on the APD with some observations of APD prolongation (Clancy et al., 2001; Liu et al., 

2015) and others showing no effect (Berecki et al., 2005; Kemp et al., 2021). Despite 

extensive research, the pathogenic mechanism of this variant remains unknown.. We 

observed no overall effect of the R56Q variant on the mean APD90 in hiPSC-CMs. 

However, the significantly greater variance in the APD90 indicates underlying 

heterogeneity in these cells, and we propose that this contributes to arrhythmia 

predisposition in hERG R56Q variant carriers. We also observed no significant effect of 

RPR260243 on steady-state action potential properties. While a hERG channel activator 

may be expected to shorten the APD, this observation in hiPSC-CMs is consistent with 

previous reports that RPR260243 had little effect on the APD in ex vivo guinea pig 

hearts (Kang et al., 2005). Interestingly, we found that the variability in the APD90 in 

hERG R56Q cells was reduced by the application of RPR260243. These findings 

suggest that the functional impacts of manipulating hERG channel deactivation are not 

immediately apparent as changes in the mean steady-state APD90. 

3.6.3. Electrical restitution properties in hiPSC-CMs 

The electrical restitution curve is a well-studied relationship between APD and 

the preceding DI that has been used to predict the inducibility of ventricular arrhythmias 

(Koller et al., 1998; Qu et al., 2006; Selvaraj et al., 2007). In particular, the steepness of 



124 
 

the restitution curve has been used to predict ventricular tachycardia/fibrillation (VT/VF) 

vulnerability, and drugs that reduce the slope of the relationship prevent VT/VF (Karma, 

1994; Gilmour Jr. et al., 1999; Garfinkel et al., 2000; Omichi et al., 2002). To our 

knowledge the electrical restitution curves describing APD restitution dynamics in the 

present study are the first reports in single hiPSC-CMs. The restitution behaviour that we 

observed in WT sham hiPSC-CMs was similar to that reported from in vivo and in vitro 

studies (Boyett et al., 1978; Franz et al., 1988; Morgan et al., 1992; Schreieck et al., 

1997; Taggart et al., 2003; Yue et al., 2005; Nash et al., 2006) with rate-dependent 

shortening of the APD that was best described by a sigmoidal relationship. The 

maximum slope of the electrical restitution relationship was found to be protocol 

dependent, with SERC slopes being shallower than DERC slopes. This is consistent 

with previous studies (Koller et al., 2005; Osadchii, 2012, 2019) and highlights the 

influence of preceding activity that influences membrane refractoriness, which is 

described as cellular ‘memory’ (Gilmour et al., 1997; Watanabe et al., 2002; Gilmour Jr., 

2002; Franz, 2003). Numerous studies, the majority of which involved multiple patient 

groups, have revealed significantly different maximum restitution slope measurements, 

such as those by Franz et al. (0.229 ± 0.049), Taggart et al. (1.053 ± 0.092), Yue et al. 

(0.79), Selvaraj et al. (1.16 ± 0.31 & 0.59 ± 0.19), and Nash et al. with 256 electrodes 

spanning the entire left and right ventricular epicardium, with approximately half 

exhibiting slopes greater than 1 and the other half exhibiting slopes less than 1, (<0.5 to 

4.0). Interestingly, the maximal slopes of both SERC (~3.0) and DERC (~2.0) observed 

in the present study are steeper than those observed in humans (~1.0) (Franz et al., 

1988; Taggart et al., 2003; Yue et al., 2005; Nash et al., 2006; Selvaraj et al., 2007). 

Since a steeper relationship has been associated with increased VF incidence (Garfinkel 

2000; Ng 2007), our findings may indicate that relatively immature isolated hiPSC-CMs 

may be more susceptible to arrhythmia, although there are also reports that the maximal 

slope may not be a good predictor of lethality (Clayton et al., 2005; Nash et al., 2006; 

Narayan et al., 2007). The maximum slope of the electrical restitution curves recorded 

from hERG R56Q hiPSC-CMs were not significantly different from those recorded in WT 

sham cells, and application of RPR260243 also had no significant effect in either cell 

line. These findings suggest that arrhythmogenicity associated with the hERG R56Q 

variant does not arise from an altered ability of the APD to shorten at faster rates. 
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3.6.4. Facilitated excitability and encroachment 

We found that application of RPR260243 significantly prolonged the PRRP in 

both WT sham and hERG R56Q cells. This is consistent with our working hypothesis 

that slowed hERG channel deactivation increases hERG protective currents in response 

to premature stimulation, which resist facilitated excitation and discourage 

encroachment. This is also consistent with previous reports of RPR260243-induced 

prolongation of the PRRP in zebrafish hearts (Shi et al., 2020). As an indicator of the 

balance between the refractory period and the APD (PRRP = ERP – APD90), 

antiarrhythmic drugs that prolong the PRRP are associated with improved outcomes 

(Franz et al., 1988; Kirchhof et al., 1998, 2003; Frommeyer et al., 2012; Milberg et al., 

2012; Franz et al., 2014). Previously, two other hERG channel activators, NS-1643 and  

MC-II-157c, have been reported or predicted to prolong the PRRP in ex vivo guinea pig 

hearts (Hansen et al., 2008) or in silico cellular and tissue models (Peitersen et al., 2008; 

Colman et al., 2017). In these cases, however, the PRRP prolongation was associated 

with activator-induced shortening of the APD, which resulted overall in a decreased 

refractory period that was predicted to slow the propagating wave-front (Peitersen et al., 

2008; Colman et al., 2017). Such dispersion of repolarization would sustain triggered 

activity, i.e., increase the tissue substrate, leading to re-entrant arrhythmia (Antzelevitch, 

2005; Jalife et al., 2005; Glukhov et al., 2010; Pandit et al., 2013). Moreover, simulations 

suggested that NS-1643 and MC-11-1570 also increased the spatiotemporal vulnerable 

window where wave-front conduction might be slowed (Peitersen et al., 2008; Colman et 

al., 2017). Thus, the APD shortening action of these hERG activators may predispose an 

arrhythmogenic substrate. Similarly, excessive APD shortening produced by activators, 

such as ICA-105574 and LUF7244 have been suggested to risk over-correction and 

enhanced, rather than reduced, arrhythmogenicity (Meng et al., 2013; Qiu et al., 2019; 

Perry et al., 2020). In the present study, the action of the type 1 activator, RPR260243, 

which preferentially targets deactivation gating, prolongs the PRRP without significantly 

shortening the APD and consequently does not increase the refractory period or risk 

early repolarization. In light of this, we propose that the effects of RPR260243 may 

reduce the substrate for re-entry and therefore offer antiarrhythmic potential. Testing in 

multicellular preparations and/or in silico models to measure wave-front propagation and 

the vulnerable window are needed to further investigate this possibility.  
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Another effect of RPR260243 was to rescue aberrant behaviour of the earliest 

captured ventricular response in hERG R56Q cells (Figure 3-18). We found that the 

earliest captured ventricular responses to premature stimulation in hERG R56Q cells 

had a slower rise time and were longer in duration than those in WT sham cells. 

Moreover, the earliest captured responses were significantly more variable in hERG 

R56Q than those observed in WT sham cells. These observations indicate that the 

R56Q variant both slows, and increases the heterogeneity of, ventricular responses to 

premature stimulations. The former would be expected to increase conduction time, 

which would shorten the excitation wavelength and facilitate re-entry , and the latter 

would be expected to result in spatial ventricular heterogeneity that would in turn 

facilitate propagation of triggered activity (Colman et al., 2017). We found that 

RPR260243 restored WT-like rise time and duration of the earliest captured response 

and significantly reduced the variability of these measures in hERG R56Q cells. Thus, in 

addition to prolonging the PRRP, these findings further indicate effective antiarrhythmic 

promise for the RPR260243 hERG activator.   

3.6.5. Beat-to-beat variability during constant pacing and rate-
transition variance 

As described above, we observed significantly greater variance in both the 

steady-state APD and the membrane responses to premature stimulations in hERG 

R56Q cells compared with WT sham cells. To further explore this, we examined the 

ERP/APD90 ratio in each cell. Lower ERP/APD90 ratios indicate that excitability extends 

beyond the refractory period creating a vulnerable window for facilitated excitation and is 

associated with the induction of ventricular arrhythmia (Franz et al., 1990, 1988; Kirchhof 

et al., 1998, 2003; Selvaraj et al., 2007). In our studies, while the ERP/APD90 ratio was 

consistent across different WT sham cells, we observed marked variability in hERG 

R56Q cells, with one third of cells (5 of 15) displaying an ERP/APD90 ratio of <1 and two 

thirds of cells (10 of 15) displaying an ERP/APD90 ratio of >1. In hERG R56Q cells with 

an ERP/APD90 ratio <1, the PRRP tended to be more negative than in WT sham cells 

(Figure 3-20) and there was an increased propensity for premature excitation. This was 

associated with a significantly greater dispersion of APD90 in these cells, which was 

evident both during pacing at constant cycle length as an increased beat-to-beat 

variability in Poincare plots (Figure 3-23 C) and as increased variance in APD90 

response to rate transitions (Figure 3-23 D). These findings indicate irregular APD 
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dynamics (Figure 3-23) and poorer rate change adaptation (Figure 3-22) in hERG R56Q 

variants cells with an ERP/APD90 ratio <1. Such electrical instability was not observed in 

hERG R56Q cells with an ERP/APD90 ratio >1, or in WT sham cells. In hERG R56Q 

cells with an ERP/APD90 ratio <1, application of RPR260243 prolonged the PRRP, which 

provided these cells with improved resistance to premature excitations during abrupt 

changes in cycle length. Furthermore, RPR260243 reduced the APD90 dispersion in 

hERG R56Q cells with an ERP/APD90 ratio <1 during pacing at constant cycle length 

and converted unstable rate transition responses to more stable 2:1 capture. 

3.6.6. A proposed mechanism for hERG R56Q-induced 
arrhythmogenicity and the antiarrhythmic action of the 
RPR260243 hERG activator 

Taken together, the data lead us to propose plausible mechanisms by which the 

hERG R56Q variant may both facilitate triggered activity and establish a pathogenic 

substrate, and by which RPR260243 may afford protection. We observed marked 

variability in the phenotype of hERG R56Q variant cells with some cells, i.e., those with 

an ERP/APD90 ratio <1, exhibiting decreased resistance to premature stimulations that 

produce variable action potential responses, high beat-to-beat APD90 

variability/dispersion during pacing at constant cycle length with prolonged APD90 and 

increased triangulation, and unstable APD90 responses to rate transitions, while other 

hERG R56Q variant cells, i.e., those with an ERP/APD90 ratio >1 had increased 

refractoriness that may contribute to conduction block. Such irregular dispersion of the 

APD90 would lead to temporal and spatial heterogeneity of repolarization (Koller et al., 

1998) that may predispose re-entrant arrhythmia (Kléber et al., 2004; Jalife et al., 2005; 

Glukhov et al., 2010; Coronel et al., 2009, 2012; Pandit et al., 2013) and have been 

shown in in silico studies to lead to spiral wave-break into multiple wavelets (Karma, 

1994) that facilitate VF. Spatial dispersion of repolarization due to the heterogeneous 

APD may also facilitate propagation of triggered activity within the tissue by increasing 

the vulnerable window (Colman et al., 2017). The presence of different cellular 

phenotypes in the hERG R56Q variant would be expected to further promote cellular 

electrical heterogeneity (Antzelevitch, 2007). For example, reduced protection against 

premature excitation in cells with an ERP/APD90 ratio <1 may trigger activation wave-

fronts that meet slowed conduction regions due to the relative refractoriness of 

neighbouring tissue, i.e., cells with an ERP/APD90 ratio >1, and this would to facilitate 
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re-entry (Delmar et al., 1989; Koller et al., 1995; Coronel et al., 2009; Franz et al., 2014). 

The hERG R56Q variant may therefore predispose re-entrant excitation as a result of an 

aberrant premature depolarization that arrives during constant cycle length activity, 

which already has an intrinsically higher APD90 variance, or during abrupt cycle length 

transitions, such as in response to a startle, a known trigger for LQTS2-related events 

(Cox et al., 2021). This enhanced risk of triggered activity, coupled with a facilitated 

substrate for re-entry created by the marked cellular electrical heterogeneity might lead 

to sustained arrhythmia (Keating et al., 2001; Antzelevitch, 2007). This may occur in 

addition to a mild reduction in stability of the membrane protein (Foo et al., 2019) that 

would be expected to further enhance the arrhythmogenic potential of the R56Q variant. 

In this manner, while the steady-state APD90 in the hERG R56Q variant is not 

significantly different from that in WT, and therefore the QTc of the ECG of an individual 

carrier may present as unremarkable, such as is observed in concealed LQTS (Schwartz 

et al., 2012; Mendes et al., 2021), there remains an intrinsic elevated underlying 

arrhythmia risk (Shah et al., 2008; Priori et al., 2003).  

The underlying cause of the heterogeneous phenotypic manifestation of the 

hERG R56Q variant warrants further investigation that is beyond the scope of this study. 

Perhaps variable expression levels of hERG1a and hERG1b (Otsuji et al., 2010) in 

different cells influence the effect of the R56Q variant on IKr in individual cells. Another 

possibility is that there is variable compensation of repolarization reserve from other 

potassium ion currents that is dependent on relative channel expression in different 

cells. Interestingly, a previous study using patient-derived LQTS3 iPSC-CMs discovered 

variability in phenotype that produced symptomatic and asymptomatic populations (Ma 

et al., 2013). In a subsequent in silico study, Paci et al. established that the 

repolarization reserve served as a key determinant of the heterogenous APD, which is in 

turn determined by differences in ionic current expression in hiPSC-CMs (Paci et al., 

2017). Further studies of relative ion channel expression in individual cells and/or 

experiments in multicellular preparations or in silico may further understanding on the 

underlying substrate. 

 RPR260243 enhances the post-repolarization refractory period and decreases 

excitability during the vulnerable period, resulting in less ectopic activity and more stable 

rate transitions during abrupt cycle length changes. These effects would be expected to 

reduce excitation throughout the vulnerable period, reducing early excitations from 
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triggering re-entry. By prolonging the PRRP without much proarrhythmogenic risk of 

shortening the APD90 that is often observed with hERG activators, RPR260243 may offer 

safer protective action. Thus, targeting hERG channel deactivation may be an attractive 

mechanism to afford protection in variants that cause accelerated deactivation gating, or 

in pharmacologically rescued trafficking-deficient variants that exhibit fast deactivation. 

 

3.7. Limitations  

There are several limitations of these studies to be considered. Firstly, while our 

CRISPR-Cas9 approach successfully yielded hERG R56Q variant clones and 

genotyping of the top three potential predicted off-target sites showed no mutations, we 

cannot rule out the possibility that off-target Cas9 activity occurred in our cells (Yee, 

2016; Kwart et al., 2017). However, we did not observe difference in cell morphology or 

differentiation of the different clones and our use of WT sham cells, which have been 

through the CRISPR process, but not edited, serve as a robust control. Another 

limitation is that our experiments were performed on functionally immature 

cardiomyocytes with ion channel expression that differs from that of adult 

cardiomyocytes (Doss et al., 2012; Goversen et al., 2018; Zhao et al., 2018; Wu et al., 

2021). In particular the low expression or lack of IK1 in immature hiPSC-CMs  (Ma et al., 

2011; Doss et al., 2012; Wu et al., 2021) results in a relatively depolarized diastolic 

membrane potential and subsequent pre-inactivation of INa and this, combined with the 

slow recovery kinetics of Ito (Cordeiro et al., 2013), may affect refractory and restitution 

characteristics (Decker et al., 2009; O’Hara et al., 2011; Árpádffy-Lovas et al., 2020). 

However, our cells had a reasonably hyperpolarized maximum diastolic depolarization 

(Ma et al., 2011) that was not different between WT sham and hERG R56Q cells and 

therefore this is unlikely to explain the differences that we observed in the variant, or the 

effects of RPR260243. Immature hiPSC-CMs also have higher expression of the 

hERG1b alternate transcript relative to hERG1a compared with mature cardiomyocytes 

(Wang et al., 2008; Otsuji et al., 2010; Minami et al., 2012) and this may influence the 

findings of this study. However, an increased contribution of hERG1b, which contributes 

faster deactivation channel kinetics to expressed hERG1a/1b tetramers (Jones et al., 

2014) would be expected to result in underestimation, rather than overestimation, of the 

effects of the R56Q variant, suggesting that our findings might reasonably be expected 
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to remain applicable to mature cells. Differentiation of hiPSC-CMs produces a 

heterogeneous population of cardiomyocytes (Ma et al., 2011; Karakikes et al., 

2015).Using standardized kit-based approaches enabled us to mitigate some of this 

heterogeneity, and the isolation and study of single cells allowed us to exclude cells with 

a depolarized maximum diastolic depolarization or small amplitude action potential, 

choosing to record only from cells with action potentials with a hyperpolarized MDP, 

large amplitude, fast upstroke, and a prominent phase 2 (Ma et al., 2011). This approach 

produced APD characteristics (Ma et al., 2011) with relatively low variability in WT sham 

cells even during complex stimulation paradigms which demonstrate low differentiation-

induced cell-to-cell heterogeneity. Isolation of single hiPSC-CMs from the functional 

syncytium is, however, known to induce proteomic alterations that may influence 

electrical activity (Uesugi et al., 2014; Li et al., 2020; Van de Sande et al.,2021) and our 

study cannot account for these potential consequences. 

The study analyzed the variability in the ERP/APD90 ratio and observed 

differences between subgroups based on the ratio of the ERP to the APD90. While the 

small sample sizes in each subgroup may limit the statistical power of the study, 

conducting subgroup analyses was deemed reasonable given the clear research 

question and careful consideration of the study limitations during data analysis and 

interpretation. Therefore, the results should be interpreted with caution and in the 

context of the study limitations. Differences in seal resistance and leak current between 

cells could theoretically influence the observed variability, it is unlikely to be the sole 

factor contributing to the differences. This is because the variability was only seen in 

mutant cells, and not in WT cells, suggesting a specific underlying factor related to the 

mutations is contributing to the differences. Moreover, the rise time of the steady-state 

APD and the quality of the recordings (MDP, AP amplitude) were consistent across 

experiments, indicating that differences in experimental conditions are not the sole 

cause of the observed variability. Therefore, while differences in seal resistance and leak 

current could be contributing factors, the available evidence suggests that they are 

unlikely to be the sole explanation for the observed variability in the ERP/APD90 ratio. 

Further studies, for example with multi-electrode array, optical mapping, or sharp 

electrodes to explore and test our findings in electrically coupled multicellular monolayer 

or three-dimensional cardioid preparations will be valuable future directions.  
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Chapter 4. Investigating the  the antiarrhythmic 
effect of the hERG activator, RPR260243, in a whole 
heart organ model of aLQTS  

This chapter summarises the work published in the American Journal of 

Physiology-Heart and Circulatory Physiology (Shi et al., 2020). Minor edits and 

formatting adjustments have been made to match the style of the thesis. In addition, the 

section on sharp electrode electrophysiology method has been substantially updated to 

offer a comprehensive description of the experimental setup and procedure. In these 

studies, I developed the sharp electrode electrophysiological assay, conducted the sharp 

electrode experiments, and completed data analysis. 

Shi, Y. P*., Pang, Z*., Venkateshappa, R*., Gunawan, M., Kemp, J., Truong, E., 
Chang, C., Lin, E., Shafaattalab, S., Faizi, S., Rayani, K., Tibbits, G. F., Claydon, 
V. E., and Claydon, T. W. (2020). The hERG channel activator, RPR260243, 
enhances protective IKr current early in the refractory period reducing 
arrhythmogenicity in zebrafish hearts. Am. J. Physiol.-Heart Circ. Physiol. 319, 
H251–H261. doi:10.1152/ajpheart.00038.2020.  

(*Indicates equal contribution).  
 

4.1. Abstract 

hERG K+ channels are important in cardiac repolarization and their dysfunction 

causes prolongation of the ventricular action potential, LQTS, and arrhythmia. As such, 

approaches to augment hERG channel function, such as activator compounds, have 

been of significant interest due to their marked therapeutic potential. Activator 

compounds that hinder channel inactivation abbreviate action potential duration (APD), 

but carry risk of over-correction leading to Short QT Syndrome. Enhanced risk by over-

correction of the APD may be tempered by activator-induced increased refractoriness, 

however investigation of the cumulative effect of hERG activator compounds on the 

balance of these effects in whole organ systems is lacking.  Here, we have investigated 

the antiarrhythmic capability of a hERG activator, RPR260243, which primarily augments 

channel function by slowing deactivation kinetics, in ex vivo zebrafish whole hearts. We 

show that RPR260243 abbreviates the ventricular APD, reduces triangulation, and 

steepens the slope of the electrical restitution curve. In addition, RPR260243 increases 

the post-repolarization refractory period. We provide evidence that this latter effect 
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arises from RPR260243-induced enhancement of hERG channel protective currents 

flowing early in the refractory period. Finally, the impact of RPR260243 on 

arrhythmogenicity in whole organ zebrafish hearts was observed through its ability to 

restore normal rhythm in hearts exhibiting arrhythmia induced by dofetilide, 

demonstrating its potential as a therapeutic agent for arrhythmia.. These findings in a 

whole organ model demonstrate the antiarrhythmic benefit of hERG activator 

compounds that modify both APD and refractoriness. Furthermore, our results 

demonstrate that targeted slowing of hERG channel deactivation and enhancement of 

protective currents may provide an effective antiarrhythmic approach. 

 

4.2. Introduction 

Human ether-à-go-go related gene (hERG) channels conduct the cardiac IKr 

potassium current (Sanguinetti et al., 1995; Curran et al., 1995; Trudeau et al., 1995). 

Unique gating properties of hERG channels afford their important functional role in 

cardiac electrophysiology. Membrane depolarization slowly activates and rapidly 

inactivates hERG channels resulting in limited repolarizing current during early phases of 

the action potential. However, membrane repolarization in late phase 2 causes hERG 

channels to rapidly recover from inactivation to the open state with deactivation 

occurring slowly. This results in resurgent repolarizing current through open channels, 

which drives phase 3 repolarization (Sanguinetti et al., 1995) and provides repolarizing 

drive into diastole (Smith et al., 1996; Lu et al., 2001; Hua and Gilmour, 2004). As such, 

hERG channel function influences action potential duration and the refractory period. 

Indeed, loss of hERG channel function due to inherited mutations or drug block reduces 

IKr repolarizing current, which prolongs the action potential duration and QT interval in 

the ECG (LQTS2) increasing the risk of Torsade de Pointes (TdP) and ventricular 

fibrillation (Weiss et al., 2010; Sanguinetti et al., 1996; Sanguinetti and Tristani-Firouzi, 

2006; Curran et al., 1995).  

Since the first discovery of small molecule hERG activator compounds (Kang et 

al., 2005), there has been significant interest in the development and putative 

therapeutic benefit of compounds that enhance hERG channel function. Such interest 

arises as a result of demonstrated potential benefits of overexpression of hERG 
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channels in isolated cardiomyocytes. Increased hERG activity reduces action potential 

duration (APD), increases refractoriness, and decreases susceptibility to alternans. 

Some Type 2 hERG activator compounds, which reduce channel inactivation, e.g. 

NS1643 (Hansen et al., 2006), greatly attenuate APD and increase post-repolarization 

refractoriness in isolated cardiomyocytes.  However, over-correction of APD may be a 

risk as shown with the Type 2 activator, ICA-105574, which causes excessive APD 

abbreviation that may result in enhanced arrhythmia risk (Perry et al., 2020). Type 1 

hERG activators, which slow channel deactivation kinetics (Kang et al., 2005; Perry et 

al., 2007; Wu et al., 2015), e.g. RPR260243, may present an alternative approach. 

RPR260243 has a less pronounced effect on APD than Type 2 hERG activators (Kang 

et al., 2005) and would be predicted to increases refractoriness as a result of delayed 

channel closure. The combined effects of RPR260243 on APD and tissue refractoriness 

have not been tested previously and are needed to investigate further the therapeutic 

potential of the compound. Studies in whole organ/organoid models that increase the 

biological complexity beyond isolated cardiomyocytes are also advantageous to 

investigate the cumulative outcome of the effects of RPR260243 that will improve 

understanding of the antiarrhythmic benefit of this hERG activator compound.  

In this study, we used a combination of optical mapping and electrophysiological 

measurements of action potentials in zebrafish (Danio rerio) ex vivo whole hearts to 

investigate their sensitivity to the activator, RPR260243. Zebrafish have emerged as a 

powerful model to study human cardiac electrophysiology (Genge et al., 2016; 

Vornanen, 2016; Gut et al., 2017), in large part due to similarities in the predominance of 

IKr current in repolarization, action potential morphology and duration, and intrinsic heart 

rate and QT interval (Nemtsas et al., 2010; Leong et al., 2010; Poon and Brand, 2013; 

Lin et al., 2014; Hull et al., 2019). We report the effects of RPR260243 to shorten the 

action potential duration and increase the post-repolarization refractoriness in this model 

and show that the cumulative effect of the actions of RPR260243 affords protection 

against arrhythmias caused by inhibition of IKr. Our findings are consistent with a critical 

role for the protective repolarizing force during premature stimulations early in the 

refractory period in guarding against an arrhythmogenic substrate, and highlight the 

potential utility of activator compounds that slow hERG channel deactivation to restore 

protective currents and protect against arrhythmogenicity. 
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4.3.  Materials and Methods 

4.3.1. hERG channel expression in Xenopus laevis oocytes 

hERG1a channel function was measured in Xenopus oocytes using two-

electrode voltage clamp in accordance with the policies and procedures of the Simon 

Fraser University Animal Care Committee and the Canadian Council of Animal Care, 

and as described previously (Hull et al., 2019a). Oocytes were superfused with ND96 

solution containing (in mM): 96 NaCl, 3 KCl, 0.5 CaCl2, 1 MgCl2, and 5 HEPES, titrated 

to pH 7.4 or 6.5 with NaOH. Experiments were performed under constant perfusion (1 ml 

min-1), and complete exchange of bath solution titrated to different pH, and/or with 

RPR260243 was achieved following 5 min perfusion prior to recordings. Protective 

current peak amplitudes were normalized to the maximal conductance in each cell 

calculated from the slope conductance recorded between -140 and -110 mV. 

4.3.2. Zebrafish Husbandry and heart isolation 

Adult zebrafish (Danio rerio) were purchased from a local supplier and housed at 

28 ⁰C in accordance with the principles established by the Canadian Council on Animal 

Care and as approved by the Simon Fraser University Animal Care Committee. 

Zebrafish were fed daily with processed food. Mature zebrafish (~40 mm in length) were 

euthanized by immersion in an ice slurry bath followed by decapitation. Hearts were 

extracted and isolated as described previously (Lin et al., 2015; Hull et al., 2019a) at 20-

22  in Ca2+ Tyrode’s solution (containing (in mM): 117 NaCl, 5.7 KCl, 4.4 NaHCO3, 1.5 

NaH2PO4-H2O, 1.7 MgCl2, 10 Na-HEPES, 5 glucose, 5 creatine, 5 Na-pyruvic acid, 1.8 

CaCl2, titrated to pH 7.4 with HCl, and vacuum filtered).  

4.3.3. Optical Mapping 

Optical mapping of isolated hearts cannulated on an 8 mm 34-gauge ultrafine 

cannula (World Precision Instruments, Sarasota, FL) was performed at 28 C  as 

described previously (Lin et al., 2015; Hull et al., 2019). Cannulated hearts were labeled 

with Ca2+ Tyrode’s solution supplemented with 10 μM RH 237 voltage-sensitive dye (Life 

Technologies, Burlington, ON, Canada) for 30 min at 20-22 , and then with 10-20 μM 

blebbistatin (Sigma-Aldrich, Oakville, ON, Canada) for 1-2 h prior to recording. Since 
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photo-release of blebbistatin may be observed with repeated stimulation, additional 

blebbistatin was applied if cardiac motion began during the course of the experiment. RH 

237 fluorophores were excited using a 530 nm LED module (Thorlabs) via a 630 nm 

long-pass dichroic mirror (Omega Optical, Brattleboro, VT), and fluorescence emission 

was captured using a GE680 CCD camera (Allied Vision Technologies, Burnaby, BC, 

Canada; maximum frame rate, 205 fps) via a 700 nm long-pass filter (Omega Optical). 

Field stimulation was applied via a 1 mm tungsten electrode on each side of the heart, 

the large diameter of which ensured that the entire heart was subjected to a uniform 

electrical field. Custom software allowed adjustment of the voltage stimulus intensity, 

timing, and duration along with acquisition of RH 237 fluorescence emission.  

To exchange solutions, the bath volume was replaced with the test solution to 

rapidly alter the external solution. Rapid solution exchange was achieved via fluid 

injection and suction ports incorporated into the custom bath chamber that minimize 

turbulence during solution exchange as described previously (Lin et al., 2015). 

Recording solution containing drugs, or at different pH, were made, warmed to 28 , and 

exchanged with the existing chamber solution. For optical mapping experiments we used 

RPR260243 at 30 M, since this concentration was shown to reduce APD in the guinea 

pig and zebrafish ventricle (Kang et al., 2005; Hull et al., 2019). Using this concentration 

enabled reliable resolution of quantitative differences in APD morphology, APD rate 

adaptability, and refractoriness. Measurement of the electrical restitution curve was 

performed by delivering a modified standard restitution protocol, in which the S1 pacing 

train was limited to 4 beats (see Figure 4 1), followed by an S2 extra stimulus delivered 

at progressively shorter intervals (beginning at an S1-S2 interval of 500 ms, shortening 

the interval by 50 ms until the S1-S2 interval was 400 ms, then shortening by 25 ms until 

the S1-S2 interval reached 300 ms, then shortening by 20 ms until the S1-S2 interval 

was 200 ms, and finally shortening by 10 ms until no action potential was observed in 

response to the S2 stimulus).  

 

Establishment of a modified S1 pulse train 

One major constraint in our study of the effect of acute external acidosis on the 

TdP liability of zebrafish whole hearts is that the experiment may not exceed 1 min in 

duration to reduce the likelihood of observing the effect of a confounding internal pH 
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change. Due to this time constraint, we were unable to deliver the standard S1-S2 

protocol with upwards of 20 to 50 S1 pulses, as use of this voltage protocol would result 

in our experiment exceeding one minute in duration. In addition, when paced via field 

stimulation, APD90 can vary considerably in response to the initial S1 stimuli before 

reaching in a steady state. It was thus necessary to investigate the number of beats 

necessary to reach steady state in order to optimize the S1-S2 protocol to reduce its 

duration while retaining the stability of the S1 APD90. Figure 4-1 shows that when paced 

at 120 bpm in pH 7.4 Ca2+ Tyrode’s solution, the APD90 of the first S1 beat varies from 

the final beat of the 8 pulse train by 12.1 ± 4.1%. However, the difference in APD90 from 

the final beat falls to 1.4 ± 0.6% by beat number 3 and remains below 4% for the 

remaining beats. These findings informed our decision to include four S1 pulses in our 

modified S1-S2 protocol to preserve stability of the S1 APD90 without exceeding 1 min in 

total experiment time at pH 6.5. 

 
Figure 4-1. Changes in APD90 with S1 steady state pacing. 
Plot of the mean % difference in APD90 between a single beat and the final beat of a 120 bpm, 8 
beat train. S1 voltage was delivered at 1.5 times the minimum voltage necessary to reliably result 
in the firing of an action potential. Note that % difference in APD90 falls below 4% at by the 
second S1 beat (n = 5). 

Determination of S1 voltage threshold 

In the measurement of the electrical restitution curve and the effective refractory 

period, we modified the length of the S1-S2 interval and analyze the S2 action 
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potentials. However, our analysis of the S2 responses relies on the assumption that the 

responses to the S1 pacing stimuli remain constant across trials. An observed change in 

S1 pacing excitability at pH 6.5 may confound the effect of the changing S1-S2 interval 

on the electrical restitution curve and effective refractory period. To characterize the 

effect that acute external acidosis may have on the S1 pacing voltage threshold, 10 S1 

stimuli were fired at 120 bpm. S1 voltage was increased incrementally by 0.25 V until all 

10 S1 stimuli resulted in reliable action potential firing. This protocol was performed in 

both pH 7.4 and pH 6.5. Voltage threshold was defined as the minimum S1 voltage to 

result in action potential firing at each S1. Figure 4 2 shows typical action potentials 

recorded in response to both sub-threshold (A and C) and above threshold (B and D) S1 

voltages at pH 7.4 and pH 6.5. There was no change observed in S1 voltage threshold 

in pH 7.4 (3.5 ± 0.2 V) and pH 6.5 (3.5 ± 0.2 V) in any of the hearts tested (n = 5). These 

findings show that there is no demonstrable change in voltage threshold for the S1 

pacing beats when delivering field stimulation to the zebrafish whole hearts in pH 7.4 

compared to 1 min in pH 6.5. This allows us to measure the AP responses from changes 

in S1-S2 durations confident that the relationship between APD and diastolic interval is 

not being altered due to changes in S1 pacing excitability. 

 
Figure 4-2.  S1 voltage threshold at pH 7.4 and pH 6.5. 
A, B. Typical normalized fluorescence signals recorded at pH 7.4 at sub-threshold (3.5 V) and 
above the voltage threshold (3.75 V), respectively. Note that not all 10 S1 stimuli produced an 
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action potential in A, but 100% capture was observed with the higher voltage used in B. C, D. 
Typical normalized fluorescence signals recorded at pH 6.5 at sub-threshold (3.5 V) and above 
the voltage threshold (3.75 V), respectively. Note that there is no observable change in voltage 
threshold in comparison to pH 7.4. 

The post-repolarization refractory period was measured by subtracting the APD90 of the 

final S1 beat from the interval between the onset of the final S1 action potential and the 

onset of the S2 action potential, i.e. the shortest recorded diastolic interval for a 

successful S2 capture. The voltage of both S1-S2 stimuli was adjusted to 1.5 times the 

minimum voltage necessary to pace the heart reliably at 120 bpm for 5 beats. There was 

no change observed in S1 voltage threshold upon changing the solution from pH 7.4 to 

pH 6.5 in any of the hearts tested (Figure 4 2). For these measurements, the length of 

time taken to collect data with a range of S1-S2 intervals restricted ability to record all 

conditions as repeated measures in a single heart as in other experiments. For these 

particular experiments, data from each heart was collected in control conditions and then 

at pH 6.5, or in control conditions and then with 30 M RPR260243 at pH 6.5.  

4.3.4. Sharp electrode electrophysiology  

Recording setup 

The sharp electrode recording setup was comprised of two magnetic vertical 

stand manual micromanipulator holders, one for the cannulated heart and the other for 

the recording electrodes, as depicted in Figure 4-3. The cannulated zebrafish heart, a 

grounding electrode, and a recording electrode were housed in a custom-made 

recording chamber. The chamber was kept at 28 °C using a heated platform with and in-

line perfusion heater and temperature controller unit TC-334B (Warner Instruments). 

Recorded signals were digitized with a Digidata 1440B and amplified and filtered with an 

Axon Axoclamp 900A amplifier. 
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Figure 4-3 Sharp electrode recording setup 
The essential elements of the sharp electrode recording setup are depicted.in the figure. 
Instrumentation included a temperature regulator, digitizer, amplifier, stereo microscope, and 
recording chamber. To the right figure.is an expanded view of the recording chamber, which 
shows several components, such as a glass recording electrode, a specially designed chamber to 
house the heart, a syringe with needle to cannulate the heart, a temperature sensor, a heating 
platform, a ground electrode and a stimulation electrode. 

Action potential recording procedure 

The first step in establishing the assay was to fabricate a sharp electrode with 

high resistance. Using regular borosilicate glass pipettes, electrode resistances of 80 to 

100 MΩ when filled with 1 M KCl could be achieved. However, the impaled cell resting 

membrane potential and action potential amplitude would often decay very rapidly 

(Figure 4-4A). This deterioration was caused by electrode solution leaking into the 

impaled cell. Using higher resistance pipettes resolved this issue, but were harder to fill 

with pipette solution, so filamented borosilicate glass was used. This allowed easy filling 

of electrodes and the recording of stable action potentials for long periods of time (Figure 

4 4B). In varying the electrode filling solution between 3 M, 2 M, and 1 M KCl solutions, I 

found that very stable recordings, e.g., 20–30 min after the first implement, were best 

achieved using pipettes with a resistance of 200 to 260 MΩ when filled with 1 M KCl  
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Recording position within the heart was standardized to minimize potential 

confounding factors. Although it was not possible to reliably regulate depth of tissue 

penetration, patches were formed in similar apical-basal and anterior-posterior locations 

in each heart to account for possible regional electrical heterogeneity. During 
experiments, the patch was occasionally lost, and the same pipette was used to re-

impale the heart. In these cases, stable action potential recordings were again achieved 

and verified by comparing the resting membrane potential.  

A 

 
B 

 
Figure 4-4. Optimization of sharp electrode resistance 
A. Example of how the membrane potential decreased immediately after impalement due to the 
low resistance of the pipette. B. Example of a series of action potentials with stable resting 
membrane potential and amplitude when a high resistance pipette was used.  

Steps to record intrinsic action potentials from the zebrafish whole heart 

1. Preparation of ex-vivo hearts. The procedure was adapted from Lin et al (Lin et 

al., 2014b). Adult zebrafish were acquired from a nearby vendor and stored at 

28°C. Animals were cared for in accordance with the Canadian Council on 

Animal Care's guiding principles. The animal care committee at Simon Fraser 

University approved the use of animals and the experimental techniques in this 

work. Briefly, adult zebrafish were euthanized by immersion in an ice bath and 
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subsequent decapitation. Isolated hearts were placed in calcium Tyrode's 

solution containing (in mM): 117 NaCl, 5.7 KCl, 4.4 NaHCO3, 1.5 NaH2PO4-H2O, 

1.7 MgCl2, 10 Na-HEPES, 5 glucose, 5 creatine, 5 Na-pyruvic acid, 1.8 CaCl2, 

which was titrated to pH 7.4 using NaOH and vacuum filtered. The heart was 

cannulated through the bulbus arteriosus onto an 8 mm, 34-gauge ultrafine 

cannula (World Precision Instruments, Sarasota, FL) and secured with surgical 

thread. The heart was then transferred to the recording chamber of the patch 

clamp system, which was maintained at 28°C. The heart was placed in calcium 

Tyrode’s solution supplemented with 20 μM blebbistatin to eliminate the heart 

contraction-induced motion artifacts, for 1 to 2 h with minimal exposure to light. 

2. Following visual inspection to confirm cessation of cardiac contraction, a sharp 

electrode with a tip resistance of 200-260 MΩ was pulled using a P-97 puller 

(Sutter Instrument) and filled with 1M KCl by briefly immersing the tip of the 

pipette into KCl solution. The pipette was then backfilled with 1 M KCl using a 

filler. Using a stereomicroscope, each pipette was checked for air bubbles. If any 

were found, the glass pipette was put back into the KCl solution for another two 

to three min. 

3. The recording electrode was attached to the headstage and the tip was 

positioned as close to the heart as possible while observing via the 

stereomicroscope. Once close to the heart and prior to impaling the heart, the 

pipette capacitance using pipette capacitance neutralization checkbox was 

compensated for and the liquid junction potential was corrected for using the 

bridge-balance function of the Axocalmp 900A amplifier. Using the 

micromanipulator, the pipette tip was then advanced to impale the heart. This 

was observed on the oscilloscope running in gap-free mode and successful 

impalement was indicated by the appearance of action potential membrane 

responses. A successful impalement produced action potentials with a resting 

membrane potential of between -75 to -80 mV. After allowing action potentials to 

stabilize the heart was perfused with calcium Tyrode's solution. Stable recordings 

required constant perfusion of solution that maintained a consistent level of 

solution in the bath chamber. 
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4. Intrinsic action potentials were recorded for 100 s during perfusion of external 

solution at 2 ml/min. The heart was then perfused with external solution 

containing 1 μM dofetilide for 5 min and intrinsic action potentials were again 

recorded for 60 s. Finally, hearts were perfused with external solution containing 

1 μM dofetilide plus 10 μM RPR26024 and action potentials were again recorded 

for 60 s. Continuous recordings throughout the entire duration of the experiment 

were not made, since this degraded the quality of the patch. Instead, 100 s 

periods of activity with each condition were recorded, 30 s of which are shown in 

Figure 4-11. Figure 4-5. shows example of prolonged recording of intrinsic action 

potential firing typical recordings of the full 100 s recording period during control 

conditions, application of 1 M dofetidile, and 10 M RPR260243 + 1 M 

dofetilitde. 

 
Figure 4-5. RPR260243 prevents arrhythmic ventricular action potential firing 

induced by IKr inhibition 
A, Representative intrinsic action potential firing recorded from a ventricular myocyte within a 
single ex vivo zebrafish heart using sharp electrode intracellular patch clamp during control 
conditions, and during perfusion of 1 M dofetilide or 1 M dofetilide with 10 M RPR260243. 
Typically, 100 s recordings were made following 20-30 min perfusion of each condition. 

4.4. Data Analysis 

Data were analyzed by custom-built software (Lin et al., 2015) in the IDL 

environment (Exelis Visual Information Solutions, McLean, VA), or pClamp 10 software 

(Axon Instruments). For optical mapping data, regions of interest (ROI) were selected 

manually to capture the ventricle which yielded ensemble action potential cycles. 

Individual action potential cycles within an ensemble were peak-detected automatically 

and averaged spatially and temporally to increase signal-to-noise ratio to yield a single, 
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average action potential. Baseline normalization was applied to control for 

photobleaching during the acquisition. The software auto-detected APD30, APD50, APD75, 

and APD90; using these markers, a triangulation index was calculated (Triangulation = 

APD90 – APD30 (Hondeghem et al., 2001), as well as diastolic intervals by measuring the 

time difference between APD90 and the following action potential peak. Poincaré plots 

were constructed to evaluate beat-to-beat variability in zebrafish hearts. Poincaré plots 

are a common geometric non-linear approach to evaluate heart rate variability (Tulppo et 

al., 1996). Peak to peak duration of two consecutive action potentials (n) were plotted 

against the time between the next consecutive (n+1) action potentials. Data were fitted 

with an ellipse assuming a 95 % confidence limit, and from this semi-major (SD1) and 

semi-minor (SD2) lengths were calculated. SD1 and SD2 reflect short-term and long-

term variability, respectively. 

4.5. Statistical analysis 

Data are expressed as the mean  SEM. n is the number of replicate hearts or 

cells measured from and represents the sample size. Statistical comparisons between 

means were conducted using two-tailed paired t-tests or one-way repeated measures 

ANOVA as indicated with P<0.05 as an indicator for statistical significance (marked by 

asterisks in Figures). Where there was no significant difference (P >0.05) this is denoted 

as the absence of an asterisk, or as n.s. 

4.6. Results 

4.6.1. RPR260243 shortens the zebrafish action potential duration and 
reduces triangulation.  

 Figure 4-6 shows the effects of 30 M RPR260243 on action potentials 

recorded optically from zebrafish ex vivo whole hearts labeled with the potentiometric 

dye, RH 237. Typical labeling intensity of RH 237 in the zebrafish heart is shown in 

Figure 4-6A along with representative regions of interest that were drawn manually to 

encompass the ventricular region and from which optical detection of membrane voltage 

changes were recorded. Fluorescence changes reflect ensemble action potential cycles, 

which were recorded from the same heart in the absence and presence of the hERG 

channel activator, RPR260243. Since ventricular repolarization is predominantly driven 
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by IKr, we focused attention on ventricular activity. Average representative ventricular 

action potentials constructed from ensembles (Figure 4-6A and B) show that application 

of 30 M RPR260243 reduced the duration of action potentials recorded from zebrafish 

hearts in response to programmed stimulations applied at 2 Hz as reported recently (Hull 

et al., 2019). Superimposition of action potentials from the last stimulation in the train 

(the fourth stimulus) recorded from the same heart in the absence and presence of 

RPR260243 demonstrates selective shortening of late phase repolarization. The mean 

action potential duration at 90 % repolarization (APD90) was reduced from 132 ± 4 ms in 

control to 111 ± 2 ms (n = 5 hearts; P = 0.021) in the presence of 30 M RPR260243 

(Figure 4-6C and D). In contrast, action potential duration at 30 % repolarization (APD30) 

was not significantly affected: APD30 was 58 ± 2 ms in control and 66 ± 2 ms in the 

presence of RPR260243 (P = 0.302). This preferential shortening of late phase 

repolarization altered action potential morphology in the presence of RPR260243. Figure 

4-6D shows a box plot of the triangulation index, the difference between the APD30 and 

APD90 (APD90 APD30), a common predictor of cardiac arrhythmogenicity. The 

triangulation index was decreased from 74 ± 3 ms in control to 45 ± 3 ms in the 

presence of RPR260243 (P = 0.006, paired t-test). These data show a decrease in the 

triangulation index of 28 ± 6 ms induced by RPR260243. 
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Figure 4-6. RPR260243 abbreviates zebrafish ventricular APD and reduces 

triangulation 
A, left, RH 237 labeling of the zebrafish whole heart. Red regions represent high intensity of RH 
237 signal while blue regions represent low intensity. Regions of interest were manually drawn to 
include the ventricle. Right, representative recordings of ensemble action potential cycles 
acquired at 2000 frames with 205 fps during 2 Hz programmed stimulation during control and in 
the presence of 30 μm RPR260243. B, plot of averaged representative ventricular action 
potentials showing the effect of RPR260243 on APD. C, box plots of the effect of RPR260243 on 
measured APD30 and APD90 showing maximum, upper quartile, medium, lower quartile, and 
minimum values. D, box plots showing the effect of RPR260243 on the triangulation index 
(APD90-APD30). Asterisks indicate P < 0.05; n.s. indicates P > 0.05 (P values given in text, n = 5).  

4.6.2. RPR260243 improves APD rate-adaptation  

Figure 4-7 shows the effect of RPR260243 on the electrical restitution curve, 

which plots the dependence of APD on the preceding diastolic interval. We used a 

modified standard S1-S2 paired voltage stimulation protocol (see Materials and Methods 

section), with a shortening S1-S2 interval derived from those described previously 

(FRANZ, 2003; Koller et al., 1998; Ng et al., 2007; Garfinkel et al., 2000). The voltage of 

both the S1 and S2 stimuli was adjusted to 1.5 times the pacing voltage threshold and 

S1-S2 pairs were applied following a train of four S1 stimuli applied at 2 Hz. Figure 4-7A 

illustrates the effect of shortening the S1-S2 interval, and consequently the diastolic 

interval, on S2 action potentials in the absence and presence of 30 M RPR260243. 
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Figure 4-7B shows normalized S2 fluorescence signals resulting from a range of S1-S2 

durations aligned by the onset of the S2 action potential. Shortening the S1-S2 interval 

resulted in S2 action potentials with reduced amplitude and shorter APD in hearts under 

both control conditions and in the presence of the RPR260243, but the response was 

greater with the activator present. The APD90 of each S2 action potential is plotted 

against the diastolic interval in Figure 4-7C to construct the electrical restitution curve. 

Application of 30 μM RPR260243 shifted the position of the electrical restitution curve 

downwards, reflecting a reduction in APD90 at all diastolic intervals tested. Similar 

findings were observed in a total of six hearts. The effect of RPR260243 on the ability of 

each heart to adapt APD to rapid changes in rate was described by fitting the electrical 

restitution curve data to a single exponential and plotting the first derivative (Figure 4-

7D) to yield the slope of the curve. The maximal slope observed is plotted in Figure 4-

7E. The restitution curve slopes show that the maximal slope was increased from 0.69 ± 

0.08 in control to 1.36 ± 0.26 with 30 M RPR260243 (n = 5; P = 0.04, paired t-test) 

indicating improved rate-adaptation of APD in the presence of RPR260243. 
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Figure 4-7. RPR260243 enhances rate adaptation of APD 
A, typical ensemble of action potential cycles recorded in control conditions (n = 6) and with 30 

M RPR260243 (n = 6) in response to the S1-S2 voltage stimulation protocol shown (inset). 
Signals resulting from S1-S2 durations of 160, 180, 220, 350, and 500 ms are shown. B, overlay 
of typical ensemble of action potential cycles recorded in response to the S2 stimulus following 
varying S1-S2 intervals aligned by action potential onset. Note the shortening of APD with 
increasing S1-S2 interval. C, plot of standard electrical restitution curves (APD90 vs. preceding 
diastolic intervals) recorded from one heart in the absence and presence of RPR260243. Curves 
were fitted to a single exponential (solid line). D, plot of the first derivative of the single 
exponential fits produced from the standard restitution curves of six hearts. Each line denotes a 
recording from a single heart and reports the slope of each restitution curve. E, comparison of the 
mean maximal slope of the electrical restitution curves (n = 6, Asterisk indicates P < 0.05, P value 
given in text). 

4.6.3. RPR260243 prolongs the post-repolarization refractory period 

Post-repolarization refractoriness describes the delay in the onset of electrical 

restitution beyond the full repolarization of the previous steady-state S1 action potential 

and has been hypothesized to protect against arrhythmia by reducing ventricular 

tachycardia inducibility (Franz, 2003). Using paired S1-S2 stimulation pulses with 

varying coupling interval, we recorded the shortest S1-S2 interval capable of eliciting an 
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S2 action potential in the same hearts in the absence and presence of RPR260243 

(Figure 4-8). Under control conditions, action potentials were elicited in response to S2 

stimuli following S1-S2 intervals of 130 ms and as short as 120 ms (Figure 4-8A). In six 

hearts, the minimum diastolic interval at which an action potential could be elicited was 

58 ± 4 ms (Figure 4-8B). The presence of 30 M RPR260243 increased the post-

repolarization refractory period. An S2 stimulus following the shorter 120 ms S1-S2 

interval no longer elicited action potential firing, and the minimum diastolic interval for 

action potential firing was increased to 73 ± 5 ms with RPR260243 (n = 6, P = 0.001, 

paired t-test).  

  
Figure 4-8. RPR260243 increases the post-repolarization refractory period in 

zebrafish hearts 
A, typical ensemble of action potential cycles from the shortest S1-S2 intervals capable of 
initiating an S2 action potential (stimulation protocol in inset) recorded in the absence and 
presence of RPR260243. Note that an action potential can be elicited in response to shorter S1-
S2 intervals during control than in the presence of RPR260243. B, comparison of the mean post-
repolarization refractory period (n = 6, Asterisk indicates P < 0.05, P value given in text).  

4.6.4. RPR260243 enhances hERG channel protective current 

In Xenopus oocytes exogenously expressing hERG channels, voltage clamp 

protocols show that application of RPR260243 selectively enhanced repolarizing 

currents flowing in response to premature stimuli (Figure 4-9). Figure 4-9A shows an 

example of the robust repolarizing currents carried by hERG channels in response to 

brief depolarizations to 0 mV applied early in the refractory period following a sustained 

depolarization. The transient repolarizing currents peak in response to depolarizations 

applied 20 ms after the ramp repolarization is complete (Figure 4-9B; coupling interval = 

20 ms). Such hERG currents flowing in response to premature stimuli are due to slow 

deactivation of hERG channels upon repolarization that leaves a proportion of channels 
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available to conduct repolarizing current and have been described as protective currents 

that may resist afterdepolarizations and triggered activity (Lu et al., 2003; Du et al., 

2010b; Mcpate et al., 2009; Melgari et al., 2014; Perry et al., 2016; Lu et al., 2001a).  

 
Figure 4-9. RPR260243 enhances hERG protective currents 
A, typical current traces recorded from Xenopus oocytes injected with cRNA encoding wild-type 
hERG channels using the voltage protocol shown. Robust protective currents were observed in 
response to 40 ms premature stimulations to 0 mV well into the refractory period and these were 
increased by application of 30 M RPR260243. Traces shown are truncated to highlight the 
protective currents flowing in response to premature depolarization applied during the refractory 
period. B, plots of mean protective currents against coupling interval (the interval between 90 % 
completion of the ramp repolarization and the 0 mV step). Data in B and D were normalized to 
whole cell conductance to account for variable expression and all data are represented 
normalized to the peak protective current recorded in control conditions. (n = 6, Asterisk indicates 
P < 0.05 compared with control value at a coupling interval of 100 ms, n.s. indicates P > 0.05 
when comparing peak protective current amplitude, P value given in text). C, typical protective 
current traces recorded from the same oocyte expressing hERG channels with solution at pH 7.4, 
pH 6.5 and with pH 6.5 with 10 M RPR260243. D, plots of mean protective currents against 
coupling interval in the conditions annotated (n = 6, Asterisks indicate that P < 0.05 for peak 
protective current and the current at a coupling interval of 100 ms compared with pH 6.5, P value 
given in text). Error bars not visible are smaller than the symbol size. 

Since RPR260243 enhances hERG current primarily by slowing deactivation kinetics 

(Perry and Sanguinetti, 2008; Kang et al., 2005), we sought to investigate whether the 

activator increased hERG protective currents. Figure 4-9A shows the effect of 

RPR260243 on hERG protective currents flowing in response to premature 

depolarizations. Application of 30 M RPR260243 enhanced the protective current 

flowing, particularly in the early refractory period. The peak protective current was not 

significantly increased: peak current in the presence of RPR260243 was 97 ± 1 % that of 

the control value (n = 6, P = 0.027), however the protective current at a coupling interval 
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of 100 ms, i.e. in response to depolarization applied 100 ms after 90 % of the ramp 

repolarization, was increased from 67 ± 1 % in control to 90 ± 1 % with RPR260243 (n = 

6, P <0.001, Figure 4-9B). 

4.6.5. RPR260243 rescue of hERG protective currents increases post-
repolarization refractoriness 

We reasoned that the effect of RPR260243 to increase protective currents 

passed early in the refractory period may underlie the increased post-repolarization 

refractoriness observed in whole hearts. To investigate this, we explored the effects of 

modifying hERG protective currents, which were previously shown to be reduced with 

elevated external proton concentration as a consequence of accelerated deactivation 

(Du et al., 2010b). Figure 4-9C shows that slowing of deactivation with 10 M 

RPR260243 in the presence of acidic external pH (pH 6.5) rescued protective currents, 

increasing the peak protective current from 60 ± 2 % of control at pH 6.5 to 79 ± 7 % of 

control at pH 6.5 with 10 M RPR260243 (n = 5, P <0.001, one-way repeated measures 

ANOVA with Holm-Sidak post hoc test). The protective current at a coupling interval of 

100 ms was also increased from 26 ± 2 % of control peak protective current at pH 6.5 to 

63 ±7 % of control at pH 6.5 with 10 M RPR260243 (P <0.001, one-way repeated 

measures ANOVA with Holm-Sidak post hoc test). In zebrafish whole hearts (Figure 4-

10) acute exposure to pH 6.5 external solution shortened the post-repolarization 

refractory period from 59 ± 9 ms at pH 7.4 to 46 ± 5 ms at pH 6.5 (n = 6, P = 0.003, 

paired t-test), consistent with the reduced protective current measured at low pH. 

However, in the presence of RPR260243, which resisted low pH-induced loss of 

protective currents, pH 6.5 application no longer reduced the post-repolarization 

refractory period, but rather refractoriness was increased compared with control: the 

refractory period was increased from 58 ± 4 ms to 75 ± 7 ms (n = 6, P = 0.02, paired t-

test) (Figure 4-10A and B). The action potential morphology data shown in Figure 5C 

and D demonstrate that RPR260243 application also normalized the acidic pH-induced 

prolongation of APD90 and the increase in the triangulation index. 
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Figure 4-10. RPR260243 rescues post-repolarization refractoriness and APD 

during acidosis 
A, typical ensemble of action potential cycles recorded during control conditions, with solution 
titrated to pH 6.5 and with application of 30 μM RPR260243 at pH 6.5 in response to paired S1-
S2 stimuli applied at short diastolic intervals. B, comparison of the post-repolarization refractory 
period from data such as those in A from six hearts. C, D, box plots of the effect of pH 6.5 
solution and 30 M RPR260243 in pH 6.5 solution on measured APD30 and APD90 (C) and 
triangulation index (D). Asterisks indicate P < 0.05; n.s. indicates P > 0.05 (P values given in 
text). 
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4.6.6. RPR260243 protects against arrhythmia caused by IKr inhibition 

To assess the combined effects of the APD shortening and increased post-

repolarization refractoriness induced by RPR260243, we assessed the ability of the 

activator to suppress arrhythmogenicity in zebrafish hearts exposed to the hERG 

blocker, dofetilide. We chose to conduct these studies using sharp electrode patch 

clamp recordings of ventricular action potentials from isolated hearts as performed 

previously (Nemtsas et al., 2010a), because this provided improved resolution of action 

potentials at a single location in the ventricle, as opposed to ensemble average action 

potential recordings from a larger region of interest as measured in our optical mapping 

experiments. Figure 4-11A shows ventricular action potential recordings from a 

representative heart obtained from patch clamp experiments during normal intrinsic 

electrical activity. Under control conditions intrinsic activity was stable and rhythmic with 

similar recordings made in a total of 6 hearts. In the presence of 1 M dofetilide, regular 

intrinsic activity was replaced with irregular arrhythmic action potential firing (Figure .4-

11A), with doublets, triplets, and diastolic pauses frequently observed in 6 of 6 hearts 

tested. For this reason, beating frequency was not calculated. In each case (6 of 6 

hearts), subsequent application of 10 M RPR260243 to dofetilide-treated hearts 

resulted in termination of the arrhythmic beating and restoration of regular beating 

frequency as shown in the representative tracing in Figure 4-11A. Plots of the influence 

of the different conditions on the peak to peak interval in a representative heart are 

shown in Figure 4-11B and plots of the mean variance (SD2) of the peak to peak action 

potential interval and APD90 from the 6 hearts are shown in Figure 4-11C. The variance 

was increased during dofetilide treatment when compared to control for both the peak to 

peak action potential interval (P = 0.038) and APD90 (P = 0.008), and subsequent 

application of 10 M RPR260243 in the presence of 1 M dofetilide reduced the 

variance (P = 0.034 for peak to peak interval, P = 0.016 for APD90 when compared with 

dofetilide only) to levels that were not different to the pre-drug control (P = 0.882 for peak 

to peak interval, P = 0.612 for APD90 when comparing RPR260243 with dofetilide to 

control; two way ANOVA). In a smaller number of hearts, the intrinsic action potential 

firing rate with 10 M RPR260243 applied in the absence of dofetilide was 125 ± 34 bpm 

compared with 142 ± 26 bpm under control conditions (n = 3, P = 0.300, paired t-test). 

Action potential peak-to-peak variance was 421 ± 219 in control and 25 ± 19 with 

RPR260243 (n = 3, P = 0.205, paired t-test). It should be noted that sample variability 
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was relatively high reflecting the small sample size. Another quantitative approach to 

measure heart rate variability is the Poincaré plot (see Materials and Methods). Figure 4-

11D shows the Poincaré plot of beat-to-beat variability from a representative heart 

during control conditions and, Figure 4-11E shows mean SD1 and SD2 variability 

derived from similar plots in the six hearts tested. Both short-term (SD1) and long-term 

(SD2) variability were increased in the presence of 1 M dofetilide compared with control 

(P = 0.003 for SD1, P = 0.004 for SD2; n = 6, one-way repeated measures ANOVA with 

Holm-Sidak post hoc test), and subsequent application of 10 M RPR260243 in the 

presence of dofetilide reduced the variability to levels that were not different to control (P 

= 0.682 for SD1, P = 0.643 for SD2). 

 
Figure 4-11. RPR260243 prevents arrhythmic ventricular action potential firing 

induced by IKr inhibition 
A, Representative intrinsic action potential firing recorded from a ventricular myocyte within a 
single ex vivo zebrafish heart using sharp electrode intracellular patch clamp during control 
conditions, and during perfusion of 1 M dofetilide or 1 M dofetilide with 10 M RPR260243. 
Note the rhythm changes during dofetilide treatment and recovery of regular activity with 
subsequent application of RPR260243. Traces are shown on an expanded timescale on the right. 
B, Plots of the peak to peak action potential interval during the different conditions in a 
representative heart. C, Plots of the mean variance (SD2) in peak to peak action potential interval 
and APD90 observed in the six hearts during the different conditions. D, Poincaré beat-to-beat 
variability plot in a representative heart during control conditions and in the presence of dofetilide 
or dofetilide with RPR260243. E, Plots of mean SD1 and SD2 variability calculated from six 
hearts. Asterisks indicate P < 0.05; n.s. indicates P > 0.05 (P values given in text). 
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4.7. Discussion 

In this study, we investigated the effect of the hERG activator, RPR260243, on 

markers of arrhythmogenicity by recording action potentials in zebrafish ex vivo whole 

hearts using optical mapping and patch clamp electrophysiology. Our findings are that 

RPR260243 shortens the zebrafish ventricular APD with a more marked effect on late 

phase repolarization, and subsequently the activator reduced the triangulation index. 

Application of RPR260243 to whole hearts also increased post-repolarization 

refractoriness, which we show likely occurs as a result of an effect of the activator to 

enhance protective currents flowing early in the refractory period. To evaluate the 

cumulative outcome of the APD abbreviation and increased post-repolarization 

refractoriness induced by RPR260243, we investigated the ability of the hERG channel 

activator to protect against arrhythmias caused by impaired IKr function in zebrafish 

hearts. We found that application of RPR260243 to dofetilide-treated hearts successfully 

restored normal sinus rhythm in hearts showing arrhythmic action potential activity. 

These studies in a whole organ model improve our understanding of the antiarrhythmic 

benefit of hERG activator compounds that modify both APD and refractoriness and 

demonstrate that targeted slowing of hERG channel deactivation may provide an 

effective antiarrhythmic approach. 

There is significant therapeutic interest in the search for small molecule 

activators of hERG channels to ameliorate the proarrhythmic effects of loss of channel 

function. hERG channel overexpression studies in isolated cardiomyocytes have 

provided proof-of-concept evidence that increased hERG function can ameliorate 

arrhythmia risk by reducing APD, increasing refractoriness and reducing the incidence of 

alternans (Nuss et al., 1999a; Royer et al., 2005; Hoppe et al., 2001). Activator 

compounds that inhibit hERG inactivation gating (Type 2 activators) produce profound 

enhancement of channel current. NS1643 reduces inactivation by shifting the voltage 

dependence of inactivation to more depolarized potentials, and the activator causes 

APD abbreviation and an increased post-repolarization refractory period in isolated 

guinea pig myocytes, which may protect against afterdepolarizations (Hansen et al., 

2006). ICA-105574, which potently enhances hERG channel current by reducing 

inactivation, also shortens field potential and calcium transient durations in iPSC-CMs 

harbouring a LQTS2-associated hERG mutation indicative of a protective effect (Perry et 
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al., 2020). These studies highlight the potential utility of activator compounds that modify 

hERG inactivation gating, but also the risk that overcorrection of action potential duration 

by activator compounds may lead to excessive action potential shortening and Short QT 

Syndrome (SQTS) induced arrhythmias (McPate et al., 2005; Guo et al., 2019; Perry et 

al., 2019). In the present study, we have evaluated the antiarrhythmic effects of a hERG 

activator that enhances repolarizing current primarily by slowing channel deactivation (a 

Type 1 activator) and assessed the cumulative effect of APD abbreviation and altered 

refractoriness in a whole organ system. Our findings suggest that this targeted approach 

may provide a more subtle gain of function compared with the over-correction provided 

by Type 2 activators.  

Our findings show that RPR260243 shortens APD with a preferential effect on 

late phase repolarization that decreases action potential triangulation (Figure 4-6). This 

is significant because changes in APD alone do not correlate well arrhythmia risk 

(Hondeghem et al., 2001b). Action potential triangulation is a predictor of 

tachyarrhythmias, such as TdP (Hondeghem et al., 2001b), and our findings that 

RPR260243 reduced the triangulation index indicates a reduced propensity for 

arrhythmia in the presence of RPR260243. It is interesting to note that while RPR260243 

caused APD abbreviation in zebrafish hearts, its effect in guinea pig myocytes was more 

muted unless previously challenged with IKr blockade (Kang et al., 2005b). One possible 

reason for this is due to the robust presence of IKr during repolarization that is observed 

in zebrafish hearts (Nemtsas et al., 2010). This may lead to some exaggeration of the 

effects of IKr manipulation in the zebrafish model system, which should be taken into 

account when translating to the human. Despite this, the findings in zebrafish hearts 

suggest potential antiarrhythmic action of RPR260243 that warrant further investigation 

in human model systems.  

RPR260243 also increased the slope of the electrical restitution curve (Figure 4-

7). The relationship of the time course of the recovery of APD as a function of the 

diastolic interval (Bass, 1975; Koller et al., 1998; Franz, 2003) illustrates the ability of the 

system to adapt to rapid changes in pacing rate, and, as a descriptor of the dynamic 

instability of the APD, is useful for evaluating arrhythmia risk. Indeed, alterations in the 

restitution curve, such as the maximal slope and minimum coupling interval are strongly 

associated with VF risk (Kurz et al., 1994). While there has been considerable debate as 

to whether a steep slope (slope > 1), or a shallow slope (slope < 1) is indicative of a 
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precursor to cardiac arrhythmia (Franz, 2003), our findings in zebrafish hearts lead us to 

suggest that RPR260243 improves rate adaptation of APD and reduces the propensity 

for arrhythmia. It should be noted that these quantitative evaluations of rate-adaptability 

and action potential morphology provide further support for the applicability of the 

zebrafish whole heart model to study cardiac electrophysiology.  

Our findings that RPR260243 increased the post-repolarization refractory period 

(Figure 4-10) indicates reduced excitability in response to extrastimuli arriving early in 

the refractory period. An increased post-repolarization refractory period is hypothesized 

to be antiarrhythmic by reducing VT inducibility (Franz, 2003) and several antiarrhythmic 

drugs with sodium channel blocking properties, such as amiodarone and bretylium, 

increase post-repolarization refractoriness (Franz et al., 2014; Garfinkel et al., 2000). 

Longer post-repolarization refractoriness may be considered antiarrhythmic, because a 

longer effective refractory period that suppresses early premature responses to 

extrastimuli allows more rapid normalization of APD and conduction velocity (CV) to 

changes in rate and effectively narrows the window of partial refractoriness, which is a 

substrate for the generation and maintenance of VF (Franz et al., 2014). Indeed, longer 

effective refractory periods are correlated with reduced vulnerability to hypothermia-

induced VF in winter-hibernating ground squirrels (Fedorov et al., 2008). Moreover, in 

humans, premature extrastimuli applied with short, but not longer, effective refractory 

periods were associated with impaired impulse propagation through the heart and a high 

incidence of inducible VT (Koller et al., 1995). Additionally, amiodarone, a drug that 

increases both APD and effective refractory period, eliminated most premature 

responses and reduced the inducibility of VT by extrastimulation, whereas D-sotalol, 

which increases APD without lengthening the effective refractory period, was not 

associated with a reduction in susceptibility to VT induction (Franz et al., 2014). Given 

these demonstrations of the anti-fibrillatory properties of an extended effective refractory 

period and the risk associated with a reduced effective refractory period, our findings 

that RPR260243 increased the post-repolarization refractory period leads us to suggest 

that this activator demonstrates antiarrhythmic potential in the whole organ system. This 

conclusion is supported by our findings that administration of RPR260243 to hearts 

experiencing dofetilide-induced blockade of IKr normalized arrhythmic action potential 

firing, reduced beat-to-beat variability, and restored normal sinus rhythm (Figure 4-11). 

The mechanism by which dofetilide induces irregular beating frequency likely involves A-
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V dysfunction as well as complex arrhythmia formation in zebrafish hearts (Mittelstadt et 

al., 2008; Langheinrich et al., 2003; Milan et al., 2003). Since we did not measure atrial 

action potentials concurrently with ventricular activity in these experiments, we cannot 

discount the involvement of supraventricular structures in the observed rhythm changes. 

Despite this, our observations suggest that the RPR260243 hERG activator may provide 

a potential candidate for protecting against arrhythmia resulting from loss-of-function 

hERG mutations associated with LQTS2.  

RPR260243 activates hERG channels by slowing the kinetics of deactivation 

(Kang et al., 2005; Perry and Sanguinetti, 2008) with higher concentrations also shifting 

the voltage dependence of inactivation to more depolarized potentials (Perry et al., 

2007a; Wu et al., 2015) via what appears to be a distinct site, or mechanism of action 

(Wu et al., 2015). While the data shown in Figure 4-9 indicate a marked RPR260243-

induced slowing of deactivation kinetics, we did not measure the effect of RPR260243 

on inactivation and it is possible that reduced inactivation contributes to the effects 

observed in zebrafish hearts and Xenopus oocytes. However, given the robust effect on 

protective currents and arrhythmogenicity that we observed using lower concentrations 

of RPR2604243, e.g. 10 M, which dramatically slows deactivation with less effect on 

inactivation, combined with the observation that RPR260243 rescues aberrant function 

caused by acidic pH, which accelerates deactivation kinetics without effect on 

inactivation gating at the pH tested, we conclude the observed effects of RPR260243 in 

zebrafish hearts are primarily due to modification of deactivation gating. Since the open 

state of hERG channels is stabilized during repolarization by channel reorganization 

(Thouta et al., 2017; Shi et al., 2019), it is likely that deactivation gating is a critical point 

of regulating repolarizing current. Consistent with this, accelerated deactivation kinetics 

are associated with LQTS2-associated mutations leading to the suggestion that slow 

deactivation is critical for suppression of excitability (Chen et al., 1999; Al-Owais et al., 

2009). It is thought that slow deactivation provides repolarizing drive during late phase 

repolarization as well as the early refractory period of the action potential (Smith et al., 

1996; Lu et al., 2001), and several studies have shown that premature stimulations 

following an action potential elicit robust repolarizing current through hERG channels as 

a result of their slow closure (Lu et al., 2001; Du et al., 2010; Perry et al., 2016; Lu et al., 

2003; Mcpate et al., 2009; Melgari et al., 2014) as observed in Figure 4-9. This would be 
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expected to provide a protective repolarizing force during the early refractory period that 

may contribute to the post-repolarization refractory period.  

Our findings show that RPR260243 enhances hERG protective currents (Figure 

4-9). Furthermore, acceleration of hERG channel deactivation by elevating the 

concentration of external protons greatly limited hERG protective currents, and these 

were rescued by pharmacologic slowing of deactivation using RPR260243. Although we 

tested the effects of RPR260243 and acidic pH on hERG channels, rather than the 

predominant zebrafish transcript, zkcnh6a, the findings likely translate reasonably well. 

zkcnh6a channels demonstrate a similar biophysical gating profile to that of hERG 

channels, albeit with a somewhat more stable closed state that appears to produce a 

subtle delay in the timing of the resurgent current during the action potential (Scholz et 

al., 2009; Hull et al., 2019). A previous study showed that acidic pH reduced protective 

hERG currents and made in silico predictions to suggest that this would increase 

excitability early in the refractory period (Du et al., 2010); however the role of the 

protective current has not previously been tested directly in a whole heart model. Here 

we found that acidic pH reduced the post-repolarization refractory period in zebrafish 

whole hearts, consistent with reduced refractoriness and increased excitability. 

Moreover, application of RPR260243 protected against these effects (Figure 4-10). 

While the protection of the effect of low pH on refractoriness and APD with RPR260243, 

along with the rapid onset and reversibility of the effect of protons and the pKa of their 

effect suggest a direct effect on hERG channel gating (Anumonwo et al., 1999; Jiang et 

al., 1999b; Bett and Rasmusson, 2003; Shi et al., 2019), there are numerous possible 

causes for the observed changes in refractoriness and APD with acidic pH in the whole 

heart (Orchard and Cingolani, 1994; Carmeliet, 1999; Crampin et al., 2006). However, 

the present study provides evidence in the whole organ that manipulation of hERG 

protective currents may be used to influence arrhythmogenicity. Further studies using 

genetically modified zebrafish, which harbour mutations that reduce protective current 

would further our understanding of such a correlation between the protective current and 

refractoriness in whole hearts. 

In summary, our findings suggest that manipulation of hERG channel protective 

currents influences the post-repolarization refractory period. Increased protective 

currents in response to premature stimulations in the presence of the RPR260243 hERG 

channel activator as a result of slowed deactivation gating would increase open 
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probability of hERG channels during the refractory period suppressing 

afterdepolarizations and triggered activity by providing greater repolarizing resistance to 

premature depolarizations of the membrane. These findings suggest that hERG activator 

compounds that slow channel deactivation may provide a potential candidate for 

protecting against increased arrhythmia liability resulting from hERG mutations that 

cause LQTS2, particularly those that cause acceleration of deactivation gating. 
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Chapter 5. The hERG activator, RPR260243, 
suppresses pause-induced arrhythmias and 
improves dynamic rate adaptation in a zebrafish 
whole-organ model of acquired LQTS 

This chapter summarizes the work currently in progress, and only preliminary 

observations from the study are discussed here. In these studies, I developed the assay 

and the data analysis methods. I acknowledge Dr. Eric Lin for guiding me to develop an 

electrical stimulator, which is now being used as a blanking unit. I'd like to thank Mr. 

Antony Slater of SFU's electronics shop for his assistance in building the stimulator unit. 

5.1. Introduction 

A QT interval prolongation in the ECG is a manifestation of prolonged ventricular 

repolarization at the cellular level (Figure 5-1), and is related with polymorphic ventricular 

tachycardia (VT), TdP, and sudden cardiac death (SCD) (Antzelevitch et al., 2002; 

Schwartz et al., 2012; Hayashi et al., 2015). QT prolongation can be caused by both 

hereditary and environmental factors, that latter being termed acquired LQTS (aLQTS). 

aLQTS is the most common case of QT prolongation and may occur due to electrolyte 

abnormalities (El-Sherif et al., 2011), anorexia (Takimoto et al., 2004), or underlying 

heart disease (El-Sherif, 2019). The most common cause, however, is drug interactions 

with hERG channels (Kannankeril et al., 2010). The acquired form of LQTS is diagnosed 

when the rate corrected QT (QTc) is greater than 500 ms or when the QTc increases by 

more than 60 to 70 ms in the presence of a medication or other clinical precipitant, such 

as electrolyte abnormalities, e.g. hypokalemia (plasma K+ concentration <3.5 mM), 

hypomagnesemia (serum Mg2+ concentration <0.66 mM), or hypocalcaemia (serum Ca2+ 

<2.12 mM) (Yang et al., 1996; Etheridge et al., 2003; Kallergis et al., 2012), female sex 

(Makkar et al., 1993), age over 65 (de Bruyne et al., 1999), or inflammatory/autoimmune 

conditions (Kallergis et al., 2012). Cardiac events associated with aLQTS may be 

exacerbated by underlying inherited genetic variants, which can function in concert with 

the aforementioned precipitating factors to reduce hERG channel function (Roden et al., 

1986; Napolitano et al., 2000; Yang et al., 2002).  
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Many medications, both with cardiovascular and non-cardiovascular primary 

targets, bind to the hERG channel and lower hERG currents, and this is the primary 

cause of aLQTS (Haverkamp et al., 2000; Fenichel et al., 2004). Numerous anti-

arrhythmic and non-cardiac drugs are associated with a prolonged QT interval, 

increased incidence of TdP, and sudden unexpected death (Lasser et al., 2002). As a 

result of their negative impact on the QT interval, many medications with an approved 

clinical usage have been withdrawn from the market (Haverkamp et al., 2000). 

Investigations into the peculiarities of drug-hERG channel interactions reveal that many 

drugs access the hERG intracellular pore cavity while the channel is in the open state 

and inhibit K+ conduction (Mitcheson et al., 2000; Kiehn et al., 1996). Tyrosine 652 

(Tyr652) and phenylalanine 656 (Phe656) are two critical residues that have been 

suggested to play a role in drug binding (Mitcheson et al., 2000). In addition, Thr623, 

Ser624, and Val625 at the base of the pore helix; another important residue, F557, 

located in the S5 helix, contributes to the binding of some drugs (Mitcheson et al., 2000; 

Saxena et al., 2016). Many drugs have a high binding affinity for hERG channels as a 

result of the presence of these residues, and this affinity is often high when the channel 

is in the open, inactive state. (Perrin et al., 2008). It has been shown that the binding of 

drugs to channels is state dependent, with drugs preferring to bind in the inactivated 

state (Perrin et al., 2008). In the cryo-EM structure of hEGRT, these major drug-binding 

residues are directed toward the site for drug binding right below the selectivity filter 

(Wang et al., 2017; Vandenberg et al., 2017)). Additionally, it has been demonstrated 

that the central cavity is slightly narrower than shaker-like voltage-gated K+ channels, 

which provides a greater electronegativity of the pore or the central cavity, which has 

been linked to the high drug binding affinity. The notion that many drugs that bind to 

hERG are positively charged is reinforced by the fact that hERG's smaller central cavity 

exhibits more negative electrostatic potentials (KvChim is 125 mV compared to 625 mV 

in hERG) (Wang et al., 2017). It is hypothesized that F656 is pivotal in hERG inhibition 

by promoting drug penetration through hERG channel fenestrations (Kudaibergenova et 

al., 2019; Asai et al., 2021). By docking into the selectivity filter of hERG channels, the 

high affinity blocker, astemizole, has been reported to restrict K+ conduction in recent 

cryo-EM studies. Other drugs with a high affinity for hERG block may use similar 

mechanisms (Asai et al., 2021).  
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Figure 5-1. A prolonged APD due to decreased IKr predisposes patients to TdP. 
Diagrammatic illustration of an early afterdepolarization (left) due to prolongation of the ventricular 
action potential duration as a result of decreased hERG channel function and therefore IKr (red). 
The extended APD manifests as a prolonged QT interval on the electrocardiogram, which can 
lead to torsade de pointes (TdP) (right, red). 

While aLQTS is much more prevalent than the inherited form, exact population 

incidence rates are not easily known (Yap et al., 2003; Khatib et al., 2021). Better 

knowledge of the underlying pathogenic mechanisms of LQTS would be helpful in 

reducing the number of unexpected deaths. The prevailing understanding is that 

ventricular APD prolongation facilitates the generation of triggered activity, such as early 

afterdepolarizations (EADs), resulting in the generation of ectopic beat (Figure 5-1). In 

addition the prolonged APD exacerbates the temporal dispersion of repolarization, which 

creates areas with functional conduction block and/or slowed CV, which facilitates re-

entry (Figure 5-1) (Antzelevitch et al., 1994; Yap et al., 2003; Roden et al., 2005). An 

interesting observation from ECG recordings of patients with aLQTS is that ectopic beats 

are frequently preceded by a long pause, followed by a sinus beat with marked 

prolongation of APD, such that a pattern of short, long, short (short-long-short) sequence 

is generated prior to the occurrence of ventricular tachycardia (Figure 5-2) (El et al., 

1999; Viswanathan et al., 1999; El-Sherif, 2019). The clinical observation of a long 

pause preceding the emergence of arrhythmias lends support to the hypothesis that this 

abrupt change in cycle length (short-long-short) is conducive to the development of 

EADs (Jackman et al., 1988; Leclerq et al., 1988; El et al., 1999). Indeed, it has been 

shown that reactivation of ICa(L), complete deactivation of IKs, and activation of sodium-

calcium exchange current (INaCa) as a result of elevated intracellular calcium prolonged 

the action potential plateau after a prolonged pause following rapid pacing and 
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encouraged the creation of EADs (Viswanathan et al., 1999). If this mechanism of EAD 

development holds true, then boosting hERG currents and more specifically, slowing 

hERG deactivation might be predicted to provide a means of preventing the formation of 

EADs and thereby suppressing triggered activity (Smith et al., 1996; Du et al., 2010; Shi 

et al., 2020; Kemp et al., 2021). 

 
 Figure 5 2. ECG recording showing typical short-long-short sequences in an 

acquired LQTS before the onset of TdP. 
(Kallergis et al., 2012; Creative Commons Attribution License) 

Another important property of the myocardium that has been implicated in the 

development of ventricular arrhythmias is electrical restitution. Electrical restitution 

properties describe the adaptation of the APD with changes in the preceding diastolic 

interval (DI) (Boyett et al., 1978; Franz et al., 1988c; Koller et al., 1998a, 2005; Qu et al., 

2006). This relationship, which has been described to be monophasic, sigmoidal, or 

triphasic depending on the species and experimental system, describes how the APD 

shortens as the DI is shortened. The steepness of the slope of this relationship has been 

used to predict ventricular tachycardia/fibrillation (VT/VF) vulnerability, and drugs that 

reduce the slope of the relationship have been shown to prevent VT/VF (Nolasco et al., 

1968; Karma, 1994; Gilmour Jr. et al., 1999; Omichi et al., 2002; Pak et al., 2004; Weiss 

et al., 2005; Shi et al., 2020a). Restitution properties of myocardium or myocytes can be 

studied by stimulation paradigms that either employ a single stimulus (S2) following a 

train of stimuli (S1) at a steady state cycle length (the "standard S1-S2 protocol"), or that 

apply runs of pacing at increasingly shorter cycle lengths over a specified time period 

(dynamic protocol) (Franz et al., 1988c; Koller et al., 1998a; Osadchii, 2012). to the risk 

for ventricular fibrillation has been shown to occur when the restitution curve has a slope 

that is >1 (Karma, 1994; Chen et al., 1997; Garfinkel et al., 2000c). According to the 

restitution hypothesis, the generation of alternans, in which the APD and DI alternate 

between long and short in subsequent beats, is facilitated when the restitution slope is 

>1. This indicates that when the slope is >1, persistent alternans is more likely to 

develop. The oscillating APD and DI during alternans may lead to conduction block at 
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the spiral wave front and subsequent wave breakdown (Karma, 1994) and reducing the 

slope of the restitution relationship results in the suppression of APD oscillations at 

shorter DIs suggesting protection against instability and re-entrant arrhythmias (Garfinkel 

et al., 2000c). The APD restitution relationship has been shown to be dependent on the 

experimental protocol used, where the steepness of the slope has shown to be greater 

when using a dynamic vs a standard S1-S2 stimulation paradigm (Koller et al., 1998a; 

Osadchii, 2012). Indeed, in most studies using a standard S1-S2 protocol, the slope of 

the restitution relation has been reported to be <1 (Osadchii, 2012). The main issue with 

using paired S1-S2 stimuli is that this approach does not take into consideration the 

restitution ‘memory’ of the cell/tissue (Kobayashi et al., 1992; Gilmour et al., 1997). As a 

result, the typical restitution relation may not adequately predict the APD dynamics 

during rapid pacing (Osadchii, 2012).  

Prior research, described in the previous chapter, utilizing zebrafish hearts 

showed that the hERG activator, RPR260243, attenuated the steepness of the 

restitution relationship generated using a standard S1-S2 stimulation protocol. However, 

the resolution of the APD measurement was constrained because optical markers were 

used to follow the membrane potential changes in that investigation. To examine the 

APD dynamics more closely, this study could benefit from the use of the sharp electrode 

recording approach and during a dynamic rate adaptation to further investigate 

restitution properties. Furthermore, sharp electrode recordings could be used to study 

pause-induced effects on arrhythmogenicity and the potential protective role of 

RPR260243 during aLQTS. I therefore examined the effects of dynamic rate changes as 

well as a pause following constant cycle length pacing on the electrical response of 

ventricular myocytes in the context of drug induced LQTS using the zebrafish heart 

whole organ model. I then investigated the protective role of RPR260243. The following 

objectives aim to test the hypothesis that slowing hERG channel deactivation kinetics 

reduces arrhythmias in a zebrafish whole heart organ model. The study's primary 

objectives are: 

1. To develop a system for recording action potentials from the zebrafish 

ventricle using the sharp electrode method during programmed electrical 

stimulation paradigms. 
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2. To incorporate into this system the ability to record action potentials and 

ECG simultaneously from the zebrafish heart. 

3. To investigate zebrafish ventricular responses to dynamic rate changes 

as well as pauses in stimulation following pacing at constant cycle length 

and the influence of drug-induced hERG inhibition on membrane stability. 

4. To investigate the effect of RPR260243 on dynamic restitution properties 

and the ability to protect against pause-induced instability in the absence 

and presence of drug-induced hERG inhibition as a mode of aLQTS. 

5.2. Material and Method 

5.2.1. Sharp electrode electrophysiology 

The programmed stimulation and sharp electrode recording setup 

This recording system comprised 3 magnetic vertical stand manual 

micromanipulator holders, one to hold the cannulated heart, one for ECG recording 

electrodes and the other for holding the recording electrode. The setup also included a 

custom-built blanking unit, a stimulator unit, a stereomicroscope, and a recording 

chamber as depicted in Figure 5-3. The cannulated zebrafish ventricle, a grounding 

electrode, a stimulation electrode, ECG recording, and an action potential recording 

electrode were housed in a custom-made recording chamber as shown inFigure 5-3B. 

Acquired signals were digitized with a Digidata 1440A and amplified and filtered with an 

Axon Axoclamp 900A amplifier. 



 

167 
 

A 

 
B 

 
Figure 5-2. The setup for sharp electrode recording and electrical stimulation of 

zebrafish hearts.  
A. Image showing the different components of the setup. B. Closer view of the recording 
chamber.  
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Figure 5-3. Custom built stimulation artifact blanking unit. 
 

Stimulation and blanking electrical connections 

All stimulation protocols were designed using Axoclamp 900A software using the 

same steps described in Chapter 3.3.5. The digital output from the Digidata 1440A were 

sent to the stimulator and the blanking unit (Figure 5-3A). The blanking unit is a custom-

made device which has options for setting the pulse width, stimulation strength (Figure 

5-3A). The signals from this blanking unit were sent to the stimulator (A-M systems 

isolated stimulation Model 2100 (trigger single) and to the active blank of the Axoclamp 

900A amplifier (blanking signal) (Figure 5-4). The pulse width of the blanking signal was 

set to at least 2 ms more than the stimulus pulse width. Two outputs were taken from the 

stimulator: one for signal monitoring as an analog input to the Digitata 1440A, and the 

other to deliver current injection at the stimulation electrode (Figure 5-3A and Figure 5-

4). 

Preparation of ex-vivo hearts 

Wild-type inbred zebrafish were kept in accordance with the standards set by the 

Canadian Council on Animal Care. The use of animals and experimental methods in this 

study were approved by the Simon Fraser University animal care committee. Briefly WT 

zebrafish of 1 to 1.2 years of age were euthanized by immersion in an ice bath and 

subsequent decapitation Isolated hearts were placed in calcium Tyrode's solution, which 

contained (in mM): 117 NaCl, 5.7 KCl, 4.4 NaHCO3, 1.5 NaH2PO4·H2O, 1.7 MgCl2, 10 
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Na-HEPES, 5 glucose, 5 creatine, 5 Na-pyruvic acid, and 1.8 CaCl2, titrated to pH 7.4 

using NaOH and vacuum filtered. Prior to cannulation, the atria were removed from the 

ventricle to allow for more precise regulation of heart rate during stimulation. A cannula 

was then placed into the ventricle through the bulbus arteriosus; an 8 mm, 34-gauge 

ultrafine cannula (World Precision Instruments, Sarasota, FL) and secured with surgical 

thread. The heart was then moved to the recording chamber and placed in a solution of 

20 μM blebbistatin for 1 to 2 h with minimal exposure to light. 

After the heart has been positioned in the chamber, the stimulation electrode was 

positioned as close to the ventricle as possible (2-5 mm away), without touching the 

tissue. Typically, the location for the stimulation electrode was in close proximity to the 

crater left behind after the atria was removed from the heart. For simultaneous recording 

of ventricular action potentials and ECG, one ECG electrode was positioned at the top of 

the ventricle and the other at the bottom, and a ground electrode was placed within the 

chamber (Figure 5-9). After positioning the heart, stimulation electrode, and ECG 

recording electrodes sharp electrode recordings were made. 

Filamented borosilicate glass pipettes (Sutter Instruments, BF150-110-10) were 

pulled using a P-87 puller to achieve tip resistances of 250-300 MΩ when filled with 1M 

KCl. Once mounted to the headstage, the recording electrode was positioned as close 

as possible to the heart while observing via the stereomicroscope. As described in 

Chapter 4.3.4, once close to the heart, the pipette capacitance must be compensated 

for, and the junction potential must be corrected for. Upon advancement of the recording 

pipette, impalement was monitored via the oscilloscope running in gap-free mode 

Successful impalement produced action potentials with a resting membrane potential 

more negative that -75mV and a peak action potential amplitude above +20 mV (Figure 

5-5). After a period of action potential stabilization, perfusion of calcium Tyrode's solution 

was started. Intrinsic action potential firing was recorded for a minimum of 100 s (Figure 

5-5) before the heart was exposed to stimulation paradigms. The heart was then 

exposed to drug/s or different concentrations of drugs for at least five min, and each 

condition was recorded for at least a hundred seconds during the steady state. 



 

170 
 

 
Figure 5-4. Example recording of intrinsic zebrafish ventricular action potential 

firing. 
 

Electrical pacing of zebrafish hearts 

The threshold stimulation injection current was determined after recording the 

intrinsic activity. The pulse amplitude was controlled by the front setting on the stimulator 

to alter the current injection amplitude. In each heart, the minimum stimulus strength 

required to elicits a 1:1 response was determined as the threshold for that ventricle, and 

2x the threshold was subsequently employed to pace the ventricle throughout the 

experiment. 

 It should be noted that long-term stimulation with monophasic pulses is not 

advisable since they might cause tissue damage and bubble formation (which may be 

harmful to tissue and destabilize the intracellular recording) (Figure 5-5). In contrast, 

biphasic waveforms have two distinct phases: a stimulating phase (Figure 5-6) that 

causes the desired physiological effect, like the initiation of an action potential, and a 

reversal phase that is used to switch the polarity of the electrochemical processes that 

were initiated during the stimulating phase. This considerably reduces tissue damage 

and bubble formation by balancing the charge formation, and also aids in maintaining a 

stable patch for a long time (Merrill et al., 2005) 

 
Figure 5-5. Example of biphasic stimulation pulses. 

 

 



 

171 
 

Figure 5-6. The pause protocols. 
An example pause-induced stimulation protocol with subsequent membrane responses. 2 s 
pauses were applied following stimulation trains at different frequencies as indicated and the 
action potential responses to resumption of pacing following each pause was evaluated. 

After determination of the threshold stimulation current amplitude, action 

potentials were recorded in response to two stimulus protocols run in each heart in the 

absence and then presence of drug. 

1) Pause protocol: This protocol consisted of pacing the ventricle at a given 

frequency between 0.5 Hz and 6 Hz for 15 beats to achieve steady state, followed by a 2 

s pause and then resumption of pacing. An example of the pause-induced stimulation 

protocol is depicted in Figure 5-6. Steady-state pacing began at 1.5 Hz and progressed 

to 2 and then 2.5 Hz, each of which was interrupted by a 2 s pause. 

2) Dynamic protocol: After allowing the ventricle to recuperate for 2 min, the 

dynamic pacing protocol was applied. The dynamic stimulation protocol consisted of 

applying 15 stimulations at increasingly faster rates from 0.5 to 6 Hz. Figure 5-7 shows 

an example of the stimulus protocol and subsequent membrane responses during 

dynamic increases in pacing from 1 Hz to 5 Hz in increments of 0.5 Hz  

In each heart, once both protocols had been run during control conditions, i.e., in 

the absence of drug, 1 M dofetilide was applied. Dofetilide was perfused for at least 5 

min to allow for equilibration, and then both the Pause protocol and the Dynamic 

protocol were repeated. Following this, hearts were perfused with 1 M dofiltilde together 

with 10 μM RPR260243 for 5 min, and both stimulation protocols were run once again. 
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Figure 5-7. The dynamic protocol. 
An example stimulation protocol and subsequent membrane. 

Using the apparatus shown in Figure 5-8, it was possible to conduct 

simultaneous recording of action potentials and the ECG from the ventricle of zebrafish 

hearts. Due to the fact that the ECG recorded during stimulation pulses was distorted, 

the ECG was recorded only during measurement of intrinsic activity Some of the 

ventricles in our experiments lacked intrinsic activity, and in those cases, we simply 

recorded action potentials in response to stimulation. Figure 5-8 and 5-9 depict the 

addition of an ECG electrode to record ECG signals using an external amplifier and 

power source. This external amplifier analog signals were then sent to the Digidata 1400 

and were monitored using the Clampex software (Figure 5-9). As shown in Figure 5-3-A, 

the other equipment is identical to that used to record action potentials.  

 
Figure 5-8. The experimental setup for simultaneous recording of action potentials 

and ECG from the zebrafish ventricle. 
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Figure 5-9. A magnified view of the simultaneous action potential and ECG 

recording setup. 
 

The two ECG recording electrodes were fabricated from 0.25 mm silver wire and 

were coated with silver chloride by dipping in bleach prior to each experiment. The 

stimulation electrode consisted of a tungsten electrode that was 0.25 mm wide, 76 2 mm 

long, 5 MΩ at 8°C (# 575500, Sutter Instruments), which was encased in a 1 ml syringe 

casing with only the tip of the electrode exposed. This stimulation electrode was 

connected to a stimulation source (AM-System). The stimulation protocol was designed 

in Axoclamp 900A software and sent to the stimulator via the Digidata 1440A digital 

output. 

5.3. Preliminary Results 

Assay development and data gathering for this project have been completed. 

The bulk of the data must now be analyzed before any conclusions can be drawn. Here, 

I provide some preliminary observations from the study, which will aid in the future data 

analysis and further development of project. 



 

174 
 

5.3.1. Advantages to the simultaneous recording of action potentials and 
ventricular ECG 

One of the goals of this study was to establish a method for recording action 

potentials and the ventricular or whole-heart ECG concurrently. As illustrated in Figure 5-

10 and 11, the system was successfully established to record action potentials and 

ventricular ECG simultaneously. The characteristics of the action potential are directly 

related to the ECG that shows the total electrical activity of the ventricles. Figure 5-10 

depicts the action potential and associated ventricular ECG recorded under control 

conditions. The action potential depolarization is in phase with the QRS complex, and 

the T wave is in phase with action potential repolarization. The sharp T wave reflects the 

absence of transmural heterogeneity in repolarization due to the extremely thin wall of 

the zebrafish ventricle.  

 
Figure 5-10. Representative recording demonstrating the simultaneous 

measurement of ventricular action potentials and ECG. 
 

The study alsow showed that incubation of zebrafish ventricle with 1 μM dofetilide 

resulted in lengthening of both the action potential and QT interval. Furthermore, in three 
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out of seven hearts examined, EADs were produced after a 30-minute incubation period 

(Figure 5-11). These findings are consistent with the kinetics of dofetilide binding and 

entry into cells, which play a crucial role in determining the time course of drug effects on 

the hERG channel. Dofetilide lipophilicity is a primary determinant of its myocardial 

uptake, and it has a relatively slow onset of action, with a reported half-life of 2-3 hours 

and a time to peak plasma concentration of 2-3 hours after oral administration. In vitro 

studies have shown that dofetilide binding to the hERG channel is time-dependent, 

meaning that its binding affinity to the channel increases with time. This is due to the 

slow drug unbinding from the channel, which allows for accumulation of the drug in the 

channel over time (Mounsey, J. et., al, J. P. 2000). Therefore, the 30-minute window for 

the development of EADs during dofetilide incubation is consistent with the time course 

of drug effects on the hERG channel. However, it is important to note that the variability 

in the preparation of the heart sample used in experiments may also contribute to the 

observed 30-minute window, which needs further evaluation.  

It is important to emphasize that time appears to have a role in the development 

of EADs during dofetilide incubation. Therefore, it would be premature to infer that 

dofetilide application causes EADs based on the results of this experiment alone. 

Additional tests are required to determine if dofetilide reliably produces EADs or if the 

effects are just due to variability in sample preparation. If further experiments confirm the 

results, it would be interesting to explore whether RPR260243 application can avert the 

formation of EADs, as this would provide proof of concept for the targeted enhancement 

of hERG channel deactivation in reducing the incidence of arrhythmia. 
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Figure 5-11. Representative intrinsic recordings showing simultaneous action 

potentials and ECG recording of EADs. 
 

5.3.2. Assessment of dynamic rate adaptation 

As shown in the Figure 5-12A, the zebrafish ventricle was subjected to dynamic 

pacing at different frequencies ranging from 0.5 to 6 Hz. The dynamic pacing showed 

shortening of the APD with increase in frequency (shortened DI), a property of 

cardiomyocytes knows as APD restitution (Figure 5-12B). The aim of this protocol was  
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A 

 

B 

 
Figure 5-12. Assessment of dynamic rate adaptation. 
A. Action potentials (top) recorded in response to the dynamic stimulus protocol (bottom) from 1 
to 5 Hz in 0.5 mV increments. B. Plot showing the relationship of APD90 with the preceding 
diastolic interval (DI) (APD restitution plot, left) and the slope of the curve (right). 

to assess the rate adaptation of the zebrafish ventricle during drug induced hERG block 

to simulate aLQTS, and to test whether RPR260243 could rescue the arrhythmic effects. 

As discussed in the introduction section, a steeper slope of the restitution relationship 

would indicate increased vulnerability to VT/VF and RPR260243 may protect against 

DERC

Diastolic interval (ms)
0 200 400 600 800 1000

AP
D

90
 (m

s)

200

250

300

350

dy/dx

Diastolic interval (ms)
0 200 400 600 800 1000

Sl
op

e

0.0

0.2

0.4

0.6

0.8

1.0



 

178 
 

arrhythmias by reducing APD oscillations and the slope of the restitution curve. I have 

demonstrated successful recording of the electrical restitution relationship in zebrafish 

ventricle using sharp electrodes, which show typical shortening of the APD with 

increasing frequency, the APD-DI relationship (Figure 5-12). At short cycle lengths, 2:1 

block/capture was observed Figure 5-12A. 

5.3.3. Assessment of action potential responses to abrupt pauses 

The final goal of the study was to assess the influence of long pauses on action potential 

parameters. The ventricle was paced at rates ranging from 1.5 to 6 Hz, with a 2 s pause 

inserted between steady-state pacing. Figure 5-13 represents a sample plot of APD (top) 

and cycle length (bottom) of action potentials recorded in response to this stimulus 

protocol. Figures. 5-14 and 16 demonstrate the APD instability observed in the 

subsequent beats following 2 s pauses. We observed that the pause-induced instability 

in APD increases as the steady-state pacing rate increases, which suggests that pauses 

during higher heart rates are more likely to induce instability, similar to pauses that occur 

before the onset of TdP in LQTSFurther analysis of the recorded data may shed light on 

how a sudden pause following constant pacing affects the adaptability of the APD in the 

presence of drug-induced hERG block and the hERG activator RPR260243. 



 

179 
 

 
Figure 5-13. Assessment of ventricular action potential responses to abrupt 

pauses 
Upper; Measured APD90 values recorded during entrainment at 1.5 Hz, 2.0 Hz, and 2.5 Hz before 
and after a 2 s pause during control conditions. Lower; measurements of cycle length for each 
action potential. 
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A 

 

B 

 

C 

 
Figure 5-14. The response of ventricular APD90 following a pause. 
A-C. Plots the APD90 of 10 beats following a 2 s pause during pacing at different steady-state 
cycle lengths. Insets depict the change in cycle length from the 2 s pause. 

 

A 

 

B 

 
C 

 

D 

 

Figure 5-15. Representative action potentials recorded before and after a 2 s 
pause. 

A.-D. Action potential recordings collected during pacing at the indicated constant cycle length 
before and after a 2 s pause. Note that there is a 2:1 response at 3 Hz. 
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5.3.4. Discussion 

In this study, the experimental design and implementation of an assay to 

evaluate the effect of abrupt pauses on action potential characteristics and the dynamic 

rate adaptation of the zebrafish ventricle was established. Experiments were performed 

to evaluate the effects of aLQTS and the potential protective effects of the hERG 

channel activators, RPR260243. In addition, the established setup was designed to 

record action potentials as well as the whole ventricular ECG, simultaneously, although 

this approach is limited to recordings of intrinsic electrical activity, rather than during 

programed electrical stimulation. 

Only preliminary data are available at the time of writing. However, during 

dynamic pacing, zebrafish ventricles exhibited characteristic APD restitution behaviour 

with appropriate APD shortening following shorter DIs. During the pause-induced 

stimulation protocol, we observed unstable responses following bradycardic pauses, 

particularly in the context of higher frequency pacing. Application of the hERG-specific 

blocker, dofetilide, caused prolongation of the ventricular APD and QT interval. Some 

hearts exhibited spontaneous EADs when incubated in dofetilide solution for 15 to 30 

min; however, the time effect has not been definitively determined. This may relate to the 

ability of the drug to enter the tissues, but this must be confirmed.  

Further data analysis is required to determine the effects of dofetilide, and 

dofetilide in the presence of RPR260243 on dynamic APD rate adaptation and on APD 

responses to bradycardic pauses. Responses recorded after abrupt bradycardic pauses 

might be beneficial for elucidating the possible mitigation of increased risk in response to 

short-long-short sequences, which are characteristic of congenital and acquired LQTS 

prior to the onset of ventricular tachycardia (El et al., 1999; Viswanathan et al., 1999; El-

Sherif, 2019). The data analysis should also aid in understanding the instability caused 

by hERG block and the potential benefits of the hERG activator RPR260243 during 

dynamic rate changes. By delineating the effects of hERG block and the application of 

RPR260243 on APD restitution characteristics during dynamic rate changes, this study 

may further advance understanding of the mechanism by which hERG activators may 

afford targeted protection against the initiation of arrhythmias. 
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Chapter 6. Discussion and future directions 

The two core questions of my doctoral dissertation are the role of hERG 

protective current and the use of Type 1 hERG activators as a targeted therapy for 

LQTS associated arrhythmias. I attempted to answer these questions utilizing a 

translational strategy that included models of varying complexity: a heterologous 

expression system, an hiPSC-CM model, and a whole organ model. This approach has 

provided novel insights into the significance of hERG protective currents and the 

possible therapeutic application of hERG Type 1 activators in arrhythmias associated 

with both inherited and acquired LQTS disorders. 

6.1.1. RPR260243 prevents premature action potential firing by 
enhancing the hERG protective in hERG56Q  

The study began with examination of hERG protective currents in a LQTS2-

related variant of unknown significance, hERG R56Q. Although the biophysical 

characterization has revealed that this mutation has faster deactivation kinetics relative 

to WT hERG channels, its pathophysiology remains unknown (Chen et al., 1999; 

Oliveira Mendes et al., 2021). We hypothesized that because the channels in this variant 

close faster, the open channels are unavailable during refractory period and early 

diastole, resulting in less protection in response to premature depolarizations. These 

mutation effects can be compared to the effects of acidosis on IKr properties. Studies 

have shown that under pH 6.0 these channels exhibit a faster deactivation and are less 

protected form firing premature action potentials (Du et al., 2010). We discovered that 

premature stimulation of mutant cells dramatically attenuated the hERG protective 

currents while having little effect on the resurgent currents during the action potential 

(Kemp et al., 2021). When RPR260243 was applied, protective currents were restored 

over the entire coupling interval, from the refractory period to late diastole (Kemp et al., 

2021). We also used mathematical modeling to validate our in vitro findings. The 

modeling demonstrated that the hERG R56Q mutation had no substantial effect on 

APD90, which is consistent with the negligible effect of the mutation on resurgent 

currents. The model also projected that due to diminished protective currents, hERG 

R56Q mutant channels were significantly more susceptible to firing premature action 

potentials at higher rates. This finding may reflect the real-world scenario in which LQTS 
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arrhythmias are linked to increased heart rates (Schwartz et al., 2001). In both wild-type 

and R56Q mutant channels, the hERG activator RPR260243 specifically slowed the 

deactivation and enhanced hERG protective currents. Mathematical modeling of the 

findings revealed that increasing protective currents in hERG R56Q mutant channels 

inhibited the formation of premature action potentials (Kemp et al., 2021). In conclusion, 

our findings demonstrate that the pathogenicity of the hERG R56Q variant is not 

attributable to its effects on APD90 but rather to the reduction in protective currents it 

causes. By restoring protective currents, the selective deactivation targeted Type 1 

activator molecule, RPR260243 prevented the formation of premature action potentials, 

suggesting that hERG activators could be used as a targeted antiarrhythmic therapy. 

 

 
Figure 6-1. The summary of key findings from studies conducted using 

heterologous expression system.  
A to D Premature stimulation protocol and the hERG protective currents recorded in WT, hERG 
R56Q and hERG R56Q + RPR260243.conditions Action potentials were modeled mathematically 
using in vitro data, yielding results (E-G). G shows the effect of premature stimulation in WT, 
hERG R56Q, and hERG R56Q + RPR260243. 
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6.1.2.  Heterogeneity in hiPSC-CMs APD dynamics underlies the 
arrhythmogenicity in hERG R56Q variant and RPR260243 
selectively slows the deactivation of IKr to mitigate this effect 

hiPSC-CMs were used to study the arrhythmogenicity of the hERG R56Q variant 

and the antiarrhythmic effect of RPR260243 in the third chapter of my thesis. CRISPR-

Ca9 gene-edited hiPSC-CMs harboring hERG R56Q recapitulated the accelerated 

deactivation phenotype, and RPR260243 specifically slowed this. When compared to 

isogenic control cells, the mutant cell line did not have a significantly different mean 

APD90. It agrees with our previous in silico action potential modeling of the same mutant 

(Kemp et al., 2021). This diminished impact on APD is comparable to the concealed QTc 

effect seen in patients with these mutations (Chen et al., 1999; Oliveira Mendes et al., 

2021). It's worth noting that the literature presents conflicting reports of what effect this 

mutant has on APD. APD prolongation has been suggested by some research (Berecki 

et al., 2005) (Liu and Trudeau, 2015) while others show no effect (Kemp et al., 2021). 

Intriguingly, we observed an increase in APD90 variability in mutant hiPSC-CMs. 

Understanding the molecular basis of this variation was beyond the scope of my project. 

Some factors, such as variable expression of hERG1a/1b and current density of IKr, may 

contribute to the observed variability (Otsuji et al., 2010; Minami et al., 2012; Wang et 

al., 2008). An interesting study that I can cite to highlight the potential source of 

heterogeneity is one in which patient-derived LQTS3 iPSC-CMs revealed phenotypic 

variance that resulted in symptomatic and asymptomatic populations (Paci et al., 2017). 

Paci et al. in an in silico investigation showed that the repolarization reserve is a major 

determinant of the heterogeneous APD, which is determined by differences in ionic 

current expression in hiPSC-CMs (Paci et al., 2017). However, it is premature to make 

definitive conclusions from these citations alone at this time. I propose instead 

investigating the impact of this mutation on other ion channels, particularly currents like 

INa, ICa,L, IKr, and IKs in hiPSC-CMs. It would be useful to find out if there is a difference in 

the density of IKr currents in these cells, as this could also be a factor in the APD 

variability (Jones et al., 2014). In silico simulations of the effects of hERG variant in 

hiPSC-CMs, like the one conducted by Paci et al., would shed light on the unique 

characteristics of these cells. This investigation comparing isogenic control and mutant 

cells suggests that APD variability may potentially contribute to the pathogenicity of the 

hERG R56Q mutation. The compound RPR260243 was found to selectively slow the 

deactivation, which led to a decrease in variability without significantly altering APD. 
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While these findings are promising, further studies are needed to fully understand the 

implications of these observationsIn the next step I looked at the various biomarkers of 

arrhythmogenicity including membrane responses to premature stimulation/excitability 

(ERP/APD90 ratio), PRRP, standard (S1-S2) and dynamic restitution slopes.  

When hERG R56Q hiPSC-CMs were stimulated with constant cycle length or 

with premature stimulations, they exhibited varied responses. Under premature 

stimulations, some cells were excitable and exhibited encroachment, whereas others 

were less excitable and did not display encroachment. In contrast, this variable response 

was not observed in isogenic control cells. This pattern of variation was stable even 

when the cycle length was kept constant. The identical cells with encroachment and 

higher excitability demonstrated a very irregular beating response, whereas the cells 

with no encroachment and less excitability demonstrated a consistent beating response 

that was comparable to that of isogenic control cells. Further characterization of these 

cells indicated that those with encroachment exhibited a prolonged APD90 and a higher 

triangulation index, both of which are critical arrhythmogenicity determinants 

(Hondeghem et al., 2001). Form these findings it appears that variations in the intrinsic 

AP characteristics of the cells caused by this hERG R56Q mutation predispose 

individuals to arrhythmias.  

In our investigation, the shortest cycle length used to pace the cells was 500 ms, 

which is 300 ms less than the typical human cycle length. This discrepancy may serve 

as a confounding variable when determining the effects of the variant. I postulate that 

pacing the cells at cycle lengths closer to the human resting state (800 ms) would 

conceal the effect even more, which would be a strong validation of our findings in 

recreating human in vivo disease phenotype. This could be accomplished with hiPSC-

CM maturation procedures. After maturation, the mutation effect will be considerably 

attenuated, becoming observable only at high frequencies or in response to a trigger 

mechanism such as adrenergic stimulation, electrolyte imbalance, or drug-induced 

hERG block. This is a critical factor to consider when determining if additional testing is 

required to validate these findings. 

Another important arrhythmogenic marker I looked at is action potential duration 

restitution. (Weiss et al., 2005; Omichi et al., 2002; Shi et al., 2020; Garfinkel et al., 

2000). When it comes to slope and protocol dependence, APD restitution in hiPSC-CMs 
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is similar to that of prior studies (Morgan et al., 1992; Franz et al., 1988; Taggart et al., 

2003; Orini et al., 2016). However, we found that neither the variant nor the RPR260243 

affected restitution slope, suggesting that the slope is mostly governed by steady state 

APD characteristics (Shattock et al. 2017; Árpádffy-Lovas et al., 2020) Steeper slopes 

were observed in these cells, which may be associated with their immaturity. (Garfinkel 

2000; Ng 2007). It is crucial to emphasize that, as described in section 3.7, the 

immaturity of the hiPSC-CMs has a substantial effect on the APD restitution properties, 

and as such, will be the focus of future investigation.  

 

 
Figure 6-2. A summary of the key findings from studies using hiPSC-CMs. 
A. Cartoon of hERG1a subunit showing hERG R56Q location. B. IKr in hERG R56Q hiPSC-CMs 
in presence and absence of RPR260243. C. Effect of hERG R56Q mutaion and RPR260243 on 
APD restitutiosn properties. E-G shows the overview of the heterogeneity exhibited by hERG 
R56Q CMs responses. Next to the heterogeneity gradient bar the upward arrow indicates the 
increased heterogeneity and downward arrow indicates reduced heterogeneity. 

Our study highlights the role of heterogeneity in APD dynamics, such as changes 

in steady-state APD, response to premature stimulation, and excitability, as a potential 

mechanism underlying the arrhythmogenicity of the hERG R56Q variant. Treatment with 

RPR260243, a type 1 hERG activator that selectively slows deactivation, attenuated 

these markers of arrhythmogenesis. These findings suggest that type 1 hERG activators 
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may be a promising therapeutic option for LQTS, as they appear to address the 

underlying pathogenic mechanisms without causing APD overcorrection, which is a 

common issue with type 2 activators. Nonetheless, further research is required to 

confirm the efficacy and safety of these drugs in clinical settings, including their potential 

impact on other ion channels and cardiac functions. The hERG activator, RPR260243, 

has been previously shown to selectively enhance hERG current by slowing 

deactivation. In our study, it was found that while RPR260243 had no effect on the mean 

action potential duration (APD), it greatly reduced the variability of APD dynamics. . It is 

the first proof of concept that an antiarrhythmic drug can be designed to slow the 

deactivation of hERG channels, making this a major finding. In our work, the hERG 

activator RPR260243 prevented premature beats predominantly by enhancing post 

repolarization refractoriness. However, increased refractoriness may potentially be 

arrhythmogenic (Colman et al., 2017); thus, additional research is required into the 

interplay of trigger and substrate using a multicellular or tissue platforms.  

6.1.3. RPR260243 suppresses arrhythmia markers in an aLQTS whole 
heart organ model. 

Chapters 2 and 3 demonstrate the involvement of hERG protective currents and 

the anti-arrhythmic potential of the hERG activator RPR260243 at the single-cell level. 

Despite the fact that hiPSC-CMs are now the most human-relevant models available, 

their use is constrained. To investigate the organ-level effects of the hERG activator 

RPR260243, we used an ex vivo zebrafish whole-heart model. The initial study 

investigated the effectiveness of RPR260243 in an aLQST model with drug-induced 

hERG inhibition (Shi et al., 2020). They found that zERG channels rapidly deactivate in 

acidic environments, resulting in diminished protective function of hERG. Potential 

arrhythmogenic markers have been studied, including the triangulation index, action 

potential restitution slope, and PRRP. RPR260243 mitigated the impact of an acidic pH 

on each of these indicators (Shi et al., 2020). Evidence from their study revealed that an 

increase in PRRP during the early refractory period was due to a RPR260243-induced 

increase in hERG protective currents (Shi et al., 2020). To further corroborate these 

findings, we recorded action potentials from whole hearts using a sharp electrode 

recording technique. Dofetilide-induced hERG block in the zebrafish whole heart 

resulted in irregular heartbeats such as doublets, triplets, and prolonged pauses (Shi et 

al., 2020). In the presence of RPR260243, none of these irregular heartbeats recurred 
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(Shi et al., 2020). These results demonstrate the antiarrhythmic efficacy of an hERG 

activator in an organ model. In addition, our findings show that enhancing protective 

currents and specifically slowing hERG channel deactivation may be an effective 

antiarrhythmic treatment stratergy. 

 
Figure 6-3. Summary of the whole organ model studies.  
 

The effectiveness of the hERG Type 1 activator was further investigated in a 

whole-heart model with dynamic rate change as well as during abrupt bradycardia 

pauses. In accordance with what is presented in Chapter 5, it is not yet possible to draw 

any conclusions or make any inferences regarding the hERG activator in the context of 

these conditions until the data have been evaluated. The preliminary findings on the 

other hand, show that many of the characteristics of arrhythmias can be observed in the 

ventricles of zebrafish under these conditions. This raises the possibility that this 

research will lead to a useful discovery. The ventricle showed irregular beating to 

sudden bradycardia pauses; there is also evidence of the development of EADs, 

although this has not yet been validated as a real effect; and dynamic rate adaptation 

was observed. If it could be demonstrated that RPR260243 lowers the severity of 

arrhythmic effects under these two conditions, it would be of considerable interest and 

would further strengthen the idea that the hERG protective current plays a role in aLQTS 

and the protective effects of the hERG Type 1 activator. 
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6.1.4. Future directions 

The present translational approach utilized in my thesis is quite instructive and 

demonstrates its potential for elucidating the arrhythmogenicity of the hERG R56Q 

variant and the anti-arrhythmic effects of RPR260243. It is essential to acknowledge that 

both the models and the techniques used have limitations, which must be addressed by 

either improving them or adopting a new approach. The majority of my proposed future 

directions center on resolving some of these limitations associated with models and 

techniques. 

The heterologous expression system combined with the manual patch clamp 

technique remains the gold standard for determining the fundamental biophysical 

characteristics of any new variant (Yajuan et al., 2012). Adapting to a high-throughput 

technology, such as an automated patch clamp system, would enable simultaneous 

screening of a large number of mutants. Using this high-throughput method to uncover 

new, more potent small molecules that activate hERG is a realistic additional 

investigation (Kang et al., 2005; Bell et al., 2021). Adapting to high-throughput 

technologies will allow for a faster identification of the small molecules targeted to the 

underlying mutation-specific defects, which is a necessary step to treat LQTS patients. 

The maturity of the hiPSC-CMs I used in my investigation is their most significant 

drawback (Knollmann, 2013; Karakikes et al., 2015). Despite their ability to recapitulate 

several structural and functional attributes of human cardiomyocytes, hiPSC-CMs 

nevertheless have features in common with fetal rather than adult cardiomyocytes (Ma 

et al., 2011; Wu et al., 2021). Morphology, ultrastructure, metabolism, and action 

potential characteristics all more closely resemble fetal cardiomyocytes (Ma et al., 2011; 

Wu et al., 2021). There have been numerous novel solutions developed to address this 

issue such as: long-term culture, the co-culture approach, electrical and/or mechanical 

stimulation, the use of a softer extracellular matrix, biochemical induction, and 3D tissue 

engineering (Tu et al., 2018; He et al., 2020; Ahmed et al., 2020). These methods have 

shown great promise in improving the maturity of the hiPSC-CMs but are still not able to 

achieve the adult-like phenotype. The properties of hiPSC-CMs can also be enhanced 

through the use of in silico methods, such as the dynamic patch clamp, in addition to the 

aforementioned in vitro methods (Verkerk et al., 2017). With the help of the dynamic 

patch clamp system, synthetic IK1 can be calculated in real time based on the acquired 
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membrane potential and injected into the hiPSC-CM with a patch clamp pipette. Injection 

of synthetic IK1 hyperpolarizes the cell, maintaining its membrane potential at rest and 

increasing its resemblance to the AP configuration of mature ventricular cardiomyocytes 

(Meijer van Putten et al., 2015; Verkerk et al., 2017). It has also been demonstrated that 

lentiviral-mediated overexpression of WT Kir2.1 promotes the maturation of hiPSC-CMs. 

This approach demonstrated that IK1 augmentation in hiPSC-CMs increased cell size, 

electrophysiology, and calcium handling properties (Vaidyanathan et al., 2016). In the 

next phase of research, I propose that it is essential to evaluate the outcomes of my 

experiment utilizing hiPSC-CMs that have reached maturity. Regarding the choices 

available for IK1 expression to enhance the maturation of hiPSC-CMs, I would choose the 

dynamic clamp approach given to its simplicity and speed. 

Single-cell studies help us understand the behavior or properties of cells in 

isolation, whereas arrhythmias are multicellular interactions that occur within the context 

of a syncytium (Houser, 2000; Weiss et al., 2010). Therefore, microelectrode array 

(MEA) assays or optical recording assays employing voltage-sensitive dyes are 

necessary to examine the influence of variants in mature hiPSC-CM monolayers (Takaki 

et al., 2019; Kussauer et al., 2019). The assay based on the MEA is a label-free and 

non-invasive way to measure field potential changes (Li et al., 2016). This assay 

generates a cumulative electrical signal of the syncytium that roughly correlates to a 

human ECG signal, and it also has the advantages of high throughput and long-term 

recording capability (Li et al., 2016; Kussauer et al., 2019). Isolating cells, which affects 

the expression of several ion channels, is unnecessary when using this assay (Schanne 

et al., 1990; Hershman et al., 1998; Uesugi et al., 2014). Based on the findings of 

chapter 3 my hypothesis is that hERG R56Q mutant cells, due to slowed/variable 

conduction and heterogeneity in refractoriness, are more prone to re-entrant arrhythmias 

when stimulated at shorter cycle lengths, and that RPR260243 will suppress these re-

entrant arrhythmias (Weiss et al., 1999; Antzelevitch et al., 1991, 2002). Optical mapping 

and MEA assays can both be used to detect physiological parameters such as 

propagation velocity, propagation direction, and action potential spread origin (Lee et al., 

2012; Podgurskaya et al., 2019). All of these parameters are crucial for understanding 

the mechanism of pathogenicity of a variant, and the consequences of hERG activators. 

In addition to these assays, a sharp electrode electrophysiology assay can be used to 

record action potentials in monolayers/3D bioprinted tissues. An experiment consisting 
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of two sharp electrodes separated by a predetermined distance can be helpful for 

recording action potentials at two distinct positions. Once the propagation direction 

between these two electrodes has been established, a timed premature stimulation can 

be applied to one electrode while the response is recorded at the other (Koller et al., 

1995). This assay would permit analysis of action potential propagation, APD restitution 

characteristics at the syncytium level with resolution of true membrane potential. The 

membrane potential resolution and single-cell stimulation capabilities of this assay make 

it advantageous over MEA or optical recording (Barbic et al., 2017). If this regulation of 

single cell stimulation were to replicate the development of an ectopic beat from single 

cell events like EADs, it would have more physiological significance. Although monolayer 

assays have their benefits, it is essential to bear in mind that hiPSC-CMs generated 

using the existing differentiation protocols are intrinsically heterogeneous (Ma et al., 

2011). The straightforward translation of the findings to complete organ or humans may 

be hampered by this, as well as the immature electrophysiological features of hiPSC-

CMs (Zhao et al., 2018; Goversen et al., 2018). 

The zebrafish model I used in my studies exhibited similar effects in the presence 

of hERG blockers or activators to those described in prior investigations. (Nemtsas et al., 

2010; Leong et al., 2010; Hull et al., 2019; Shi et al., 2020). Moreover, it is obvious that 

the ventricular action potential and ECG signals of zebrafish are very similar to humans 

(Figure1 11). All of my work with zebrafish has been conducted using the sharp 

electrode recording technique. This allowed me to achieve high resolution by measuring 

the membrane potential. However, the membrane potential recorded using this method 

is still from a single cell. I propose using optical mapping in the next stage study of 

hERG activator effects in aLQTS or pause-induced arrhythmias (chapter 5). As stated 

previously, optical mapping would aid in reaching the temporal resolution necessary to 

comprehend the propagation of depolarization waves and the impact of various stimuli 

and drugs on these waves (Laughner et al., 2012; Lin et al., 2014; Shi et al., 2020). In 

addition, as noted in chapter 5, simultaneous APD and ECG recordings would be 

advantageous for evaluating any electrical experiment involving the zebrafish heart 

(Figure 5 11). It is important to remember that the optical mapping assay, like any other, 

has drawbacks such as the toxicity associated with voltage-sensitive dyes, the inability 

to capture high-frequency events, and the inability to measure absolute membrane 

potential (Herron et al., 2012; Kussauer et al., 2019).  
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Modulation of cardiac APD and CV restitution has been hypothesized as crucial 

drivers of spiral wave stability in the myocardium, and this suggests that these 

parameters may be targeted in the development of antiarrhythmic therapy (Weiss et al., 

1999; Garfinkel et al., 2000). In this study, the APD restitution behavior of single hiPSC-

CMs was studied. Neither the mutation nor RPR260243 had an impact on the slope of 

the APD restitution (chapter 3 results). Cell immaturity may influence the slope of the 

restitution curve, necessitating additional research with hiPSC-CMs that are more 

mature (Decker et al., 2009; O’Hara et al., 2011; Árpádffy-Lovas et al., 2020). Before 

proceeding to monolayers and 3D tissue (Sidorov et al., 2017; Goldfracht et al., 2020) or 

whole-organ models, it is essential to reproduce the findings in mature cardiomyocytes 

to better comprehend APD restitution in hiPSC-CMs. To understand more about the 

influence of the variant and the activator RPR260243 and its potential as an anti-

arrhythmic treatment for LQTS, researchers can study the APD/CV restitution properties 

utilizing monolayers and 3D engineered cardiac tissue or the whole heart organ model 

with optical recording technique or sharp electrode recording technique (Lee et al., 2012; 

Hull et al., 2019; Takaki et al., 2019; Shi et al., 2020; Goldfracht et al., 2020; 

Vandendriessche et al., 2020). 

Any in vitro or in vivo experiment can benefit greatly from the inclusion of an in 

silico model (Roberts et al., 2012; Dutta et al., 2017; Colman et al., 2017). I propose 

modeling the hiPSC-CM data in silico as a step toward understanding the source of 

heterogeneity observed in hERG R56Q cells, as it is the experiment with the greatest 

potential to shed light on the issue. Paci et al. (2017) conducted an in silico simulation 

analysis to shed light on the observed phenotypic variability of LQT3 hiPSC-CMs and 

their responsiveness to antiarrhythmic drugs (Ma et al., 2013; Paci et al., 2017). As the 

in silico model predicted, the impacts of mutation are either amplified or mitigated by 

ionic currents, with the relative strengths of these currents dictating the outcome. In 

addition, the results demonstrate that the differential strength of repolarization reserve 

between cells is caused by the change in ionic contribution; cells with a poor repolarizing 

reserve exhibit symptom, whereas those with a robust repolarizing reserve do not (Paci 

et al., 2017). It is vital to develop future research to determine if a similar mechanism 

contributes to the heterogeneous population of cells in the hERG R56Q cell line. In 

addition, a multi scale in silico approach can be used to comprehend the development of 

re-entry in the hERG R56Q variant and the putative anti-arrhythmic mechanism of hERG 
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deactivation slowed by RPR260243. This can be achieved by comparing and modeling 

human ventricular action potentials with hiPSC-CM action potentials (with improved IK1). 

This method might be useful for determining whether RPR260243 alters the interaction 

between the trigger and substrate (Colman et al., 2017).  

Triggering factors for LQTS episodes have been found to be genotype-specific 

(Schwartz et al., 2001; Barsheshet et al., 2013). Sudden, unexpected events during 

sleep (auditory stimuli) and emotional stress have both been implicated as possible 

causes for cardiac events in patients with LQTS2 (Schwartz et al., 2001; Skinner et al., 

2019). In LQTS2 individuals, this points to a sudden sympathetic activity as the primary 

precipitating factor (Saadeh et al., 2020). To learn more about the fundamental cellular 

effects of the hERG R56Q variant, single-cell electrophysiological studies examining the 

effects of adrenergic stimulation may be helpful. This aids in the comprehension of the 

fundamental molecular mechanism underlying the generation of EADs in the hERG 

R56Q mutant, which is hypothesized to owe to Ca2+ channel reactivation and a rise in 

ICa-L during phase 2 or 3, which can serve as an arrhythmic trigger (Saadeh et al., 2020). 

In light of this, I predict that exposing the hERG R56Q hiPSC-CMs to adrenergic 

stimulation using β adrenoceptor agonists such as isoproterenol would lead to the 

development of EADs and that administration of RPR260243 would lead to the inhibition 

of these triggered events. The effects of adrenergic stimulation on APD restitution 

characteristics in WT and hERG R56Q hiPSC-CMs in the absence and presence of 

hERG activator are important to investigate because adrenergic stimulation is a major 

influencing factor of APD restitution in human myocardium (Schreieck et al., 1997; 

Taggart et al., 2003; Hao et al., 2004). As the final in vitro step, the effect of adrenergic 

stimulation should be investigated using increasingly complex models, such as 

monolayers employing MEA or optical recording assays, 3D cardiac tissues employing 

sharp electrodes or optical recording, and a whole-organ model of the zebrafish heart 

employing intracellular recording coupled with ECG and/or optical recording.  

By adopting zebrafish as a model organism, additional experiments can be 

conducted to comprehend the systemic effects of the hERG R56Q mutation or any 

inherited LQTS. In our laboratory, attempts are currently being made to create zebrafish 

lines with the hERG R56Q variant. This investigation will be able to provide insight on 

the system level effects of the hERG R56Q mutation while tracing the changes during 

the course of fish development from a single cell to an adult. Then, as a last stage, the 
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heart can be used to do ex vivo tests and examine various precipitating factors and the 

effect of RPR260243.  

Numerous studies have investigated the effect of hERG activators on cardiac ion 

channels. It is known that fibroblasts, neurons, cancer cells, the gastrointestinal tract, 

smooth muscle, and pancreatic cells all express hERG (Babcock et al., 2013). However, 

it remains largely unknown how exactly these hERG agonists influence these cells and 

tissues. Integration of high-throughput screening approaches, such as automated patch 

clamp and iPSC technologies, in a unified platform may have the ability to provide 

answers to some of these concerns. In addition, this procedure is crucial for determining 

whether or not to forward a potential hERG specific agonist to animal investigations or 

clinical studies. 

It bears reiterating that single-cell studies are essential for understanding how ion 

channel dysfunction affects APD morphology, action potential restitution, and excitability. 

Since the heart is a three dimensional structure, many important characteristics in 

arrhythmogenesis such as CV, CV restitution, dispersion of repolarization, and 

conduction block, become apparent only at higher dimensions. These goals can be 

partially attained by using either human hiPSC-CMs based 3D tissues or whole heart 

organ models. My PhD dissertation demonstrates how a multi-model translational 

strategy, starting with a simple heterologous expression system and progressing to a 

more complex whole organ model, can shed light on the underlying mechanism of 

disease and facilitate the development of mechanism-based small molecule therapies. 
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