Aus dem Walther-Straub-Institut fiir Pharmakologie und Toxikologie
Institut der Ludwig-Maximilians-Universitat Miinchen

Vorstand: Prof. Dr. med. Thomas Gudermann

Therapeutic potential of enhancing
mitochondrial Ca#" uptake in experimental

cardiac arrhythmia models

Dissertation
zum Erwerb des Doktorgrades der Naturwissenschaften
an der Medizinischen Fakultat

der Ludwig-Maximilians-Universitat Miinchen

vorgelegt von
Maria Katharina Schweitzer
aus Hof/Saale

2021



Mit Genehmigung der Medizinischen Fakultat

der Universitat Minchen

Betreuer: Prof. Dr. Michael Mederos y Schnitzler
Zweitgutachter: Prof. Dr. Alexander FauBBner
Dekan: Prof. Dr. med. Thomas Gudermann

Tag der mindlichen Priifung: 28.04.2022



To my family



Table of Contents

Table of Contents 4
Zusammenfassung 8
SUMMANY aaueceeriiiiiiiicnnnnenneenens 10
List of figures 12
List of abbreviations 14
1. INTRODUCTION 19
1.1 Cardiac physiology — The REart....... et 19
1.1.1  EXcitation-contraction-COUPIING ...t es e 24
1.2 Ca?* SigNaling iN the NEAMt ... 27
1.2.1  SYSONC €A%t TRIRASE .......oooeceeeeeeseeeeeeeeeesseee e ssssssssss s 27
1.2.7.T RYANOAING FECEPLON 2ot ssse st st ss st ssssssses s ssesens 27
1.2.1.2 Systolic Ca®* SIgNAIS IN ECC.....eoeeeeeeceeeeeeeveeessssssssseeeeeeeeessssssssssssssssssssesssessssssssssssssssssssn 29
1.2.2  DIiastOlic Ca?t FEUPTAKE. ... ocvveeeeeieeee e eeeseeeessesesesssssssssss s sssssssss s sssssssssessessssssss 31
1.2.2.1 Na*- Ca?" exchanger and sarcoplasmic Ca?" -ATPaSE....cwwwweeeemmmrrervverrsssnseeessersnsnn 31
1.2.3  B-adrenergic StIMUIALION ...ttt ss s sssesens 32
1.3 Cardial MItOChONAIIA. ...t e 33
1.3.1 Mitochondria @nd Ca?™ ...........reeeeeeesssssssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 33
1.3.2  SR-mitochondria Ca** MICrOdOMAINS............coooemmmmmmmrreereeeeeveeeeeeassssssssseeeeeeeessssssssssssssssse 35
1.3.3  Mitochondrial a2 ChANNEIS.......oooccccevvvveeeeeeecesseseeeeeeeeeeeeeeeeeseeessssssee e 36
1.3.3.1 Outer mitochondrial membrane - Voltage dependent anion channel 2................. 36
1.3.3.2 Inner mitochondrial membrane - Mitochondrial Ca®* uniporter complex............. 38
1.3.3.3 Mitochondrial Ca?* efflux PAathWays ..............cccooommmmmmrmeereeeeeeeeeeeeeasssssseeeeeeeeeeeeesssessssssssssee 40
14  Cardiac pathophysiology — Cardiovascular diSEases.........cccuurrrrrrrerrrnerererseesseernenn. 41
1.4.1  The congenital arrhythmia catecholaminergic polymorphic ventricular

EACNYCANIA c.ouoeee et 41
1.4.1.1 Manifestation and clinical presentation..........cnecenesecsseeesessesesesenes 42
1.4.1.2 Mechanisms underlying arrhythmogenesis in CPVT 1 - Aberrant Ca**

RANAING oot s 44
1.4.1.3 DIAStOlIC €A% WAVES .........ovoveeeeeeeissssssseeeeeeesesvesssssssssssssssseeesessssssssssssssssssssssssseesssssssssssssssssssss 46
1.4.1.4 Delayed afterdepolarizations and spontaneous APs during diastole...................... 47
1.4.1.5 Overcoming the source-sink mismatch and induction of arrhythmia..................... 49
1.4.1.6 MUFNE MOl Of CPVT Tttt sssse s s s ssssss s s sssesssssssssnes 51
1.4.1.7 Common therapeutic interventions in CPVT..........cinrineierseesssssssssesssssesssesssens 52

1.4.2 The synthetic VDAC2 agonist efsevin exerts antiarrhythmic properties in
ZEDIAfiISN @MDIYOS ...ttt 54



14.3 Aim of the thesis: Enhancing mitochondrial Ca®* uptake as a novel

treatment Strate@gy IN CVDS...... ettt ssse s ss s 57
2. MATERIALS 59
2.1 CONSUMADIES ...ttt 59
2.2 Chemicals and rEAGENTS ...ttt snees 60
2.3 ENZYIMNES...o et 63
2.4 OlIGONUCIEOTIAES.......oeeeereriiestee sttt sss sttt s snsen 63
2.5 KIS ettt 63
2.6 INSErUMENTS @NA AEVICES ...ttt 64
2.7 SOTEWATE oottt bbb 66
3. METHODS 67
3.1 Arrhythmia MOAEIS ...ttt 67
3.1.1  Murine RyR2R“E/NT CPYT MOE.....oouuiieeeeeeereeeeeeeveeeeeeosssssseeeeeeeeeseeevessssssssssssssssseseeeeeeees 67
3.1.2 Human iPSC-derived CPVT MOAEIS ......ccovveruiereieireciscereeiseesecisesisesiseiisesseeissessesens 67
3.2 Molecular Biology ProCEAUIES.........ciereiereestseere sttt sseeen 69
3.2.1 Genotyping Of RYR2-RA496C MICE ......cvuuieumrieeireeieeieriseeisesissesise s sisesssesssesssesssesssesens 69
33 MUTINE /17 VIErO EXPEIMENTS ..ottt sssss s sssssssssssasssessnes 70
3.3.1 Isolation of ventricular cardiomMyOCYLES ... eeseeieseeseeens 70
3.3.1.1 Confocal Ca?* IMAGING .........ccoomereveeeeeeseeeeeeveeeeseeeeeessssssssssessessssssssssssesssssssssssesesssssssssssesessssnns 74
3.3.1.2 CAMP aCCUMUIATION @SSAY ...vuurvrririireireineiieeiseesseesstiseise s s ss e ssse s ssesen 76
3.3.1.3 ElECtrOPRNYSIOIOY ..ccceuieriiiieiiiecireiiseeie et 77
34 MUMNE /N VIVO EXPEIIMENTS ..ottt sssssssssssssssssssssssssssssssssssssssssssssssnes 79
3.4.1 Drug administration via 0SMOtIC MINIPUMPS ....c.evueeeneimeieeireeireieseiseiseeesesssesssesssessesenes 79
3.42 ECG recordings and tiSSUE iSOIAtION ..o ssssseees 81
3.5 Statistical @NQAIYSIS ... 84
4. RESULTS 85
41  Effects of efsevin on diastolic proarrhythmic events in RyR2R44%6</WT

IMYOCYTES .ot et 85
4.1.1 Efsevin suppresses spontaneous Ca®* sparks in RyR2**%“WT cardiomyocytes.... 85
4.1.2 Efsevin suppresses spontaneously propagating Ca®" Waves ... 89
4.1.3  Efsevin reduces SPONtANEOUS APS.......oowrceieereeeieeessessisessssessisssesssessssssssessesssssenes 92
4.1.3.1 Efsevin had no effect on delayed afterdepolarizations............cccoeoervemrionrrernrronricnninnee 94

414 Effects of efsevin on systolic proarrhythmic events in RyR2/4“WT myocytes ....95
4.1.4.1 Efsevin suppresses secondary systolic Ca®* elevations........ccooerreeeeveeeoreeissssnnen 95
4.1.4.2 Efsevin had no effect on early afterdepolarizations...........c.coocoverseonrinerioneinereonennnn. 97



4.2  Effects of efsevin on triggered systolic @VENtS ... 100

4.2.1 Impact of efsevin on systolic Ca®* transients in RyR2***%“WT myocytes............. 100
422 Effects on triggered APs in RyR2*%WT cardiomyocytes.....ooveeeeeeeeeeeeeeeeeeeeeee. 103
4.3 MechaniSm Of @CHION ...ttt 105
4.3.1 Efsevin does not intervene in B-adrenergic Signaling ..........ccoocoevoneenneenrienneensienennns 105
4.3.2 Efsevin acts through enhanced mitochondrial Ca?* uptake...................cccceeeerrnne. 107
4.3.2.1 Inhibition of Ca®* uptake into mitochondria blocks efsevin's antiarrhythmic

EFRCE e 107
4.3.2.2 Mitochondrial Ca®* uptake enhancers — the MCU activator kaempferol.............. 110
4.3.3 Antiarrhythmic effect of MiCUps in RyR2/49“WT mice jn vivo...........ccooeccccererse. 113
4.3.3.1 MiCUps shorten the duration of individual VT episodes ........c.ccevvvmenrenrernrerneennens 116
4.3.3.2 Physiological sinus rhythm is unaffected by MiCUPS ... 118
434 Long-term application of efsevin causes no side effects in RyR2R***“WT mjce..120

44  MiCUps also suppress spontaneous Ca®* waves in human iPSC-derived

CPVT CardiomMYOCYLES /11 VIO .o ssssssssssssssssssssssssssssnnes 123
5. DISCUSSION 129
5.1 Mitochondria as “fire extinguishers” in the arrhythmogenic setting........ccc.cocecc.c.. 129
52  The fate of Ca®* after enhanced mitochondrial uptake.........covvvveecceemmnnrcereeerssene. 132

5.3  MIiCUPs successfully recrute the “firewall” of mitochondria in the
arrhythmogenic setting Of CPVT ...ttt sssseseeens 135

5.3.1 MICUPs restrict spontaneous Ca** sparks by modulating multiple
parameters in RyR2RC/NT cardiomyocytes............ooommemeeeeeeceeeeevvesveesessssssssseeeeeeeee 135

5.3.2 Efsevin has no effect on spontaneous DADs, the immediate trigger of
ATNYTNMOGENIC APS ...ttt 139

5.4  Efsevin's suppressive effect suggests SR Ca®* overload as causative for
systolic arrhythmOgENIC EVENTS.........orere e 141

5.5  Translation to the clinic — Antiarrhythmic effect of MiCUps in patient-derived

CPVT CardioMYOCYTES ......vvurerriierieriieriesiiesie s s sasessasesssesssessssssssessssssesesssessssessnesses 144
5.6  MiCUps as a promising alternative to common antiarrhythmics?........ccccocceneeene. 145
5.6.1 A safe(r) way to fight arrhythmia in the absence of severe side effects................ 145
5.6.2 A safe(r) way to fight arrhythmia — Efsevin does not prolong human APD

and MUFNE QT INTEIVAL ...t ssnens 147
5.7 Suitability of kaempferol as an antiarrhythmic therapy ........cccccoeemnecneecnnecenecennne. 150
5.8  Optimization of efsevin towards clinical applicability ... 153

59  Applicability of MiCUps in other Ca?* induced arrhythmias as an advantage
compared to other explorative appProaches............ereenneonsensessssssssesssessnns 156

B.TO  CONCIUSION ettt ettt sess s st s e st e s s e sassesenssasenessesasas 160



Author contributions

Acknowledgements

Affidavit ...

References

163

165

167

168



Zusammenfassung

Kardiovaskulare Erkrankungen (KVEs) stellen heute und voraussichtlich auch in der nahen
Zukunft weltweit die Haupttodesursache dar. Dabei steigen insbesondere Todesfille
bedingt durch Arrhythmien weiterhin an. Da gangige Antiarrhythmika gravierende
Nebenwirkungen aufweisen und hadufig nur begrenzt wirksam sind, besteht besondere
Dringlichkeit bei der Entwicklung neuartiger Therapieansatze. Kontraktilitét und
Rhythmizitit des Herzens sind eng mit einer funktionalen Kalzium (Ca**)-Homdostase
des Myokards verkniipft und so sind Arrhythmien oftmals mit Stérungen des zelluldren
Ca’**-Haushaltes assoziiert. Mitochondrien spielen hier eine grundlegende, jedoch
bislang stark unterschatzte Rolle.

Im vorliegenden Promotionsvorhaben wurde das Potential einer pharmakologischen
Aktivierung der mitochondrialen Ca®*-Aufnahme zur Behandlung von Arrhythmien
untersucht. Hierbei fand einerseits die neuartige synthetische Substanz Efsevin Einsatz,
ein Dihydropyrrolcarboxylester, welcher die Aktivitat des voltage-dependent anion
channels 2 (VDAC2) in der duBeren mitochondrialen Membran verstarkt. Andererseits
wurde das Flavonoid Kaempferol als Agonist des mitochondrialen Ca®*-Uniporters (MCU)
untersucht. In friiheren Arbeiten konnte Efsevin die rhythmische Kontraktion des Herzens
in einem Zebrafisch-Arrhythmiemodell wiederherstellen. Der antiarrhythmische Effekt
von Efsevin konnte hier direkt auf eine gesteigerte Aktivierung des mitochondrialen Ca®*-
Kanals VDAC2 zuriickgefiihrt werden. Hierdurch ergibt sich eine gesteigerte Aufnahme
und somit Abpufferung von zytosolischem Ca®* in die Mitochondrien. Zusétzlich
resultierte die Applikation von Efsevin in einer Reduktion arrhythmogener Ca**-Wellen

in  Wildtyp-Kardiomyozyten der Maus. Trotz dieser vielversprechenden Befunde



existierten bis dato keine Studien zu KVE-Krankheitsmodellen an Saugetieren, was hier
durch die Evaluierung der Wirksamkeit von Efsevin in einem Arrhythmie-Modell der Maus
sowie zwei humanen Arrhythmie-Modellen adressiert wurde. Wir konnten in dieser
Arbeit zeigen, dass Efsevin arrhythmogene Ca**-Sparks, -Wellen, spontane
Aktionspotentiale und sogar systolische arrhythmogene Ca®*- Signale in Kardiomyozyten

aus RyR2 R4496C/WT

-Mausen, einem Modell fir katecholaminerge polymorphe ventrikulare
Tachykardie (CPVT) signifikant reduziert. Dieser antiarrhythmische Effekt von Efsevin lasst
sich durch eine Blockade von MCU und damit der mitochondrialen Ca®*-Aufnahme
aufheben und wird, vergleichbar zu Efsevin, auch durch den MCU-Aktivator Kaempferol
erreicht. Zudem fiihrte die Gabe beider mitochondrial C&#* uptake enhancers (MiCUps)
bei RyR2M*“WT_M3iusen /n vivo zu einer signifikanten Reduktion Stress-induzierter
Arrhythmien. AbschlieBend wurde in einem translationalen Ansatz die Wirksamkeit von
Efsevin und Kaempferol in humanen, /nduced pluripotent stem cell (iPSC)-basierten
Kardiomyozyten zweier CPVT-Patienten getestet. Auch hier konnte eine Reduktion
spontaner Ca**-Wellen in Kardiomyozyten eines Patienten mit einer etablierten CPVT-
Mutation (RyR2**%“WT) sowie an Kardiomyozyten eines Patienten mit bislang nicht
identifizierter Mutation (CPVTU"k""") gezeigt werden. Zusammenfassend prasentieren die
hier vorgelegten Daten ein immenses Potential der erhéhten mitochondrialen Ca®*-
Aufnahme im Einsatz gegen Ca®'-getriggerte Arrhythmien wie CPVT und etablieren
MiCUps als vielversprechende Kandidaten einer neuartigen Generation von

moglicherweise  nebenwirkungsarmeren  KVE-Therapeutika,  welche  erstmals

mitochondriales Ca®* als Angriffspunkt haben.
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Summary

Cardiovascular diseases (CVDs) constitute the leading cause of death worldwide and will
continue to dominate mortality trends in the future. Despite a general decline of CVD-
related deaths, mortality rates attributed to arrhythmia are still on the rise. Common
antiarrhythmics display perilous side effects and are often not effective pointing out an
urgent need for novel therapeutic approaches. Cardiac contractility and rhythmicity are
critically linked to a well-balanced calcium (Ca**) homeostasis in the myocardium and
cardiac arrhythmias are often associated with perturbations in cellular Ca** handling.
Mitochondria play a substantial, yet barely acknowledged, role in cellular Ca?* handling
and are associated with CVDs. In previous experiments, the novel dihydropyrrole
carboxylic ester efsevin was identified by its ability to restore rhythmic cardiac
contractions in a zebrafish cardiac fibrillation model. This was caused by activation of the
voltage-dependent anion channel 2 (VDAC2) in the OMM which consecutively increased
mitochondrial Ca®* uptake causing enhanced clearance of cytosolic Ca®* and thus a
reduction of arrhythmogenic Ca®* waves. Despite these pronounced effects, experiments
in mammalian disease models were still lacking. In the current thesis, we investigated the
potential of a pharmacological activation of mitochondrial Ca®* uptake for the treatment
of cardiac arrhythmia. To this aim, we applied efsevin as well as the flavonoid kaempferol,
both enhancing Ca** uptake into mitochondria in different mammalian models of
catecholaminergic polymorphic ventricular tachycardia (CPVT). We could demonstrate
the potency of efsevin to reduce the propensity for arrhythmogenic Ca®* sparks, waves,
spontaneous action potentials and even for systolic arrhythmogenic Ca?* elevations in

cardiomyocytes of the murine RyR2R*%“WT model of CPVT. The antiarrhythmic effect of
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efsevin was abolished by blocking the mitochondrial Ca®* uniporter (MCU) and could
likewise be achieved with the MCU activator kaempferol. Further, the administration of
both mitochondrial Ca®* uptake enhancers (MiCUps), efsevin and kaempferol, to CPVT
mice /n vivo led to the significant reduction of stress-induced ventricular tachycardia.
Moreover, MiCUps drastically reduced arrhythmogenic Ca®* waves in human induced
pluripotent stem cell-derived cardiomyocytes from two CPVT patients, one harboring the
heterozygous RyR2**®“WT mutation and the other one a yet unidentified mutation
presenting with a aggressive and lethal CPVT phenotype. These results altogether
highlight a significant potential of enhanced mitochondrial Ca®* uptake to suppress
arrhythmogenic events in Ca®* triggered arrhythmias such as CPVT and establish MiCUps
as promising pharmacological tools for a new generation of safer CVD therapeutics

targeting mitochondrial Ca®*.
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human heterozygous, CPVT-causing serine to leucine mutation at aa
position 406 of RyR2
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1. INTRODUCTION

11 Cardiac physiology - The heart

Living beings are provided with vitally important O, and nutrients via distribution of O.-
enriched blood throughout the body. The heart receives blood low in O, containing CO>
and waste products from all organs of the body. Deoxygenated blood returns to the right
atrium via Venae cavae and fills the right ventricle (RV). After ejection from the RV into
the pulmonary artery, the blood is being enriched with O, by passage through the lungs.
Thereafter, the blood flows into the left atrium (LA), passes the left ventricle (LV) and exits
the heart via the aorta to supply the different organs of the body’. The events associated
with ventricular contraction and ejection are termed systole. In contrast, diastole refers
to the relaxation phase of the cardiac cycle, which includes ventricular relaxation and
filling. During diastole, the ventricles are not contracting with passive blood flow
occurring from the atria into the ventricles. Diastole then culminates in contraction of
both atria, which propels an additional amount of blood into the ventricles.

Excitation is propagated throughout the heart by an electrical wavefront whereby the
impulse of excitation is formed by action potentials (APs). These APs can be rapidly
progressed via gap junctions between cardiac cells forming a functional syncytium. The
physiological source of the excitation is the sinoatrial node (SAN) in the RA which is
regulated by the autonomic nervous system and circulating catecholamines?. The SAN
being the heart’s primary pacemaker spontaneously generates pulses with a frequency
of 60-80 beats per minute (bpm) at rest that are passed to the atrioventricular (AV) node

via internodal pathways. The AV node located in the interatrial septum conducts impulses
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with a delay to the bundle of His and the stimulus then diverges to the right and left
bundle branches in the interventricular septum. The bundle branches taper off into
Purkinje fibres that permeate both ventricles and the electrical signal travels towards the
apex of the heart. This leads to an activation of electrically coupled ventricular
cardiomyoctyes that trigger a synchronized contraction of the ventricles in order to pump
O:-enriched blood throughout the body. By each heartbeat, a specific volume of blood
is ejected by the LV, referred to as the stroke volume (SV)*. Muscular contraction of the
heart is accompanied by changes in electrical potentials that can be recorded with
electrodes attached to the body surface. The recorded potential changes yield a shape
of the propagation of conduction through the heart, the electrocardiogram (ECG) (Fig.
1). The contraction of atria is represented by the P wave followed by the QRS complex
characterizing ventricular contraction. Whereas the PR interval stands for the conduction
of excitation through the AV node and down the bundle of His through the bundle
branches to the ventricles, QT characterizes the interval from depolarization to

repolarization of the ventricles with the T wave generated by ventricular repolarization.
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Fig. 1 Conduction of electrical activity in the human heart [from?].

The sinoatrial (SA) node as the primary cardiac pacemaker generates pulses that are passed to the
atrioventricular (AV) node in the interatrial septum. From there, impulses are conducted to the
bundle of His and the stimulus then diverges to the right and left bundle branches in the
interventricular septum. The bundle branches taper off into Purkinje fibres that permeate both
ventricles and the electrical signal travels towards the apex of the heart where it leads to
synchronized ventricular contractions. The propagation of excitation throughout the heart in
different cardiac cell types is mediated via action potentials (APs) (right side). The characteristic
shapes of these APs from the different cardiac regions altogether form the electrocardiogram
(lower section). The P-wave represents contraction of the atria, followed by the QRS-complex
characterizing ventricular contraction. QT characterizes the interval from depolarization to
repolarization of the ventricles with the T-wave generated by repolarization of the ventricles.
Abbreviations: RV = right ventricle; LV = left ventricle.
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The propagation of excitation throughout the heart in different cardiac cell types is
mediated via APs. Every cardiac cell type is characterized by different expression patterns
of Na*, Ca®* and K* channels and thus exhibits a specific AP waveform and these
altogether form the characteristic shape of the ECG. The AP of the human ventricular
myocardium consists of five distinct phases (Fig. 2): During the upstroke (phase 0), the
influx of Na* ions causes membrane depolarization. Early repolarization (phase 1) results
from K* efflux. A subsequent Ca®* influx is counterbalanced by K* efflux (phase 2). Final
repolarization occurs due to K* influx (phase 3) and the cardiomyocyte finally returns to
the resting membrane potential (RMP) (phase 4).

Even though some types of K* channels are expressed in cardiac tissue of mouse and
human, their respective contribution to AP morphology can differ substantially, given the
large AP difference between both species. Repolarization in murine cardiac tissue is a
very fast process mediated by transient outward K* currents with a fast and slow recovery
from inactivation (Ikw,f and Ikw,s), @ slowly inactivating K* current (Ixsiow1 and Isiow2) and a
non-inactivating steady-state current (Ikss)>®. Human repolarization is predominantly
carried by the delayed K* currents Ik, and Iks. Albeit I, and I are reported in mouse, their
physiological contribution to repolarization if any is negligible®. Equivalents of Ixsow and
Ikss are not verified in humans and Ik is mainly involved in phase I repolarization'™. On
the contrary, Loy is crucial for the repolarization of short APs in murine ventricle. The
murine AP with a total duration of approx. 50-100 ms'" is considerably faster than the
human one with about 200-300 ms'? and lacks a prominent plateau during phase 2 of

the AP. In contrast, K* efflux in human ventricular cardiomyocytes counterbalancing the
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Ca** influx forms a plateau creating time for cardiomyocyte contraction and relaxation in

between APs.
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Fig. 2 Membrane currents generating the ventricular AP [modified from'3].

(a) The human ventricular AP consisting of five distinct phases lasts for approx. 200 ms and starts
from a RMP of about 90 mV (Phase 4). During the upstroke (Phase 0), the Ina current carried by
Na* ions causes membrane depolarization. Early repolarization (Phase 1) results from K* extrusion
via Iiof and Lo currents. A subsequent Ca®* influx via Ica. counterbalanced by K* efflux through Ik
and Ixs forms a plateau creating time for cardiomyocyte contraction and relaxation in between
APs (Phase 2). Final repolarization occurs by the predominant action of Ik, and Iks (Phase 3). Due
to K* influx carried by Ik current, the cardiomyocyte finally returns to RMP (Phase 4). (b) In
accordance with human ventricular cardiomyocytes, depolarization of the murine ventricular AP
is carried by Ina and early repolarization is mediated by Lo s and Lo s currents. However, K* extrusion
during repolarization to counterbalance Ca?* influx via Icat results from Igsiow1 and Ixsiowz in murine
ventricular myocardium.
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The considerably longer duration of the human AP as compared to the murine one is
also reflected in a substantially slower heart rate (HR) in humans. Whereas the human HR
under rest amounts to 50-70 bpm' (173-188 bpm under stress'), the murine heart beats
between 500-700'° times per minute under rest (700-800 bpm under stress) depending
on the mouse strain. Comparing the stress-induced HR increase of approx. 100-200 % in
humans with that of only up to 50 % in mice'® clearly demonstrates a much greater ability
of the human heart to adapt cardiac output (HR x SV) during exercise. Whereas cardiac
output can be increased 5-10-fold in the human body, mice can increase this parameter
merely 1.3-2-fold'®. Owed to these substantial species differences in the physiological
and electrophysiological properties of the heart, not all observations made in murine
models are directly applicable to the human disease'’. However, since they can be
genetically manipulated easily to carry disease-causing genes and thereby mimic human
diseases such as inherited arrhythmia syndromes, mice serve as very valid model

organisms in the research of cardiovascular diseases'®.

1.1.1 Excitation-contraction-coupling

In the mammalian myocardium, electrical impulses in the form of APs are converted into
contractions in a process called excitation-contraction coupling (ECC) with Ca®* playing
the most essential role (Fig. 3). During ECC, an AP causes depolarization of the cell
membrane, triggering a small influx of Ca** (Ica) through L-type Ca®* channels (LTCCs,
synonym. Cav1). By Ca®* induced Ca®* release (CICR)", this small influx causes ryanodine
receptors (RyR2) in the sarcoplasmic reticulum (SR) to release a large amount of Ca®*

from the organelle which binds to troponin C®. This induces a conformational change of
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myosin molecules leading to the formation of cross-bridges with actin resulting in
contraction of the cardiomyocyte and ejection of blood from the heart?'. Afterwards, to
achieve refilling of the ventricles and diastolic relaxation, Ca®* released from the SR
during systole has to be removed from the cytosol. This is accomplished mainly by the
Na*/Ca®* exchanger (NCX) in the plasma membrane and via the sarcoplasmic Ca**
ATPase (SERCA) in the SR membrane mediating Ca** reuptake into the SR. The activity of
SERCA is inhibited by phospholamban (PLN)*%. Upon phosphorylation by PKA and/or
CaMKII triggered by B-adrenergic stimulation, PLN dissociates from the ATPase resulting
in increased Ca®* uptake. In addition to cytosolic Ca** removal via NCX and SERCA,

2+ 23

approx. 1% of Ca released into the cytosol during systole is being taken up by

mitochondria.
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Fig. 3 ECC in the ventricular cardiomyocyte [modified from?4.

By an oncoming AP, voltage-dependent Na* channels (Navis) and LTCCs (Cavs) are activated
leading to Ca®* influx into the myocyte. By Ca®* induced Ca®* release, this Ca®* influx causes
ryanodine receptors (RyR2) in the sarcoplasmic reticulum (SR) to release a large amount of Ca®*
to elicit contraction of the cardiomyocyte by binding of Ca®* to the myofilaments. Voltage-gated
K* channels (Kv) open leading to a K* efflux that favors AP repolarization and establishes
conditions required for relaxation. Relaxation occurs via Ca®* reuptake into the SR by SERCA,
extrusion from the cardiomyocyte by the Na*/Ca** exchanger (NCX) in exchange for Na* and
uptake into mitochondria via VDAC2 and the mitochondrial Ca®* uniporter (MCU). SR Ca**
extrusion via SERCA is inhibited by phospholamban (PLN). Abbreviations: FKBP12.6 = FK506-
binding protein 12.6 kDa; ATP = adenosine triphosphate; T-tubule = transversale tubule; MCUR =
MCU regulator; EMRE = essential MCU regulator; MICU = mitochondrial Ca%* uptake; NCLX =
mitochondrial Na*/Ca%* exchanger.
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1.2 Ca* signaling in the heart
1.2.1 Systolic Ca* release
1.2.11 Ryanodine receptor 2

Ca®* has to be released into the cytosol during systole in order to provoke contraction.
During CICR, a small amount of Ca®* entering through LTCC binds to RyR2 and thereby
activates the channel, which releases a massive amount of Ca’* to the cytosol crucial for
every heartbeat. RyR2 is modulated by several ions, small molecules and proteins, e.g.
Ca**, magnesium (Mg®*) and ATP?. RyR2, located on the SR membrane, represents the
major intracellular Ca®* release channel in cardiac muscle®®. Ca®* is known to regulate
RyR2 on the cytoplasmic as well as on the luminal site. The sensitization of RyR2s to
activation by cytosolic Ca®* is mediated at luminal sites?” and the open probability of the
channel is dependent on the Ca®* concentration in the diadic cleft between LTCCs and
RyR2s?®. SR Ca®" release is terminated when luminal Ca®* declines below a threshold level
during release, which causes changes in RyR2 gating leading to the deactivation of the
receptor and refractoriness until SR Ca®* recovery. These processes are crucial for the
rhythmic activity of the heart®”,

RyR2 is a large transmembrane protein existing as a macromolecular complex assembled
from homotetramers of 565 kDa each. The carboxy (C) terminus spanning from amino
acids (aa) 4500 to aa 4967, represents the pore-forming region of the channel formed by
six transmembrane segments (Fig. 4)*>3% The amino (N) terminal region of RyR2 forms

the cytoplasmic domain, involved in regulatory functions. The RyR2 complex is comprised

of further proteins on its cytosolic side implicated in the regulation of its gating. The
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cytoplasmic domain of RyR2 contains several potential phosphorylation sites and the
kinases protein kinase A (PKA) and Ca®*/CaM-dependent protein kinase II (CaMKII) are
known to phosphorylate RyR2*** While contradictory results exist in the literature,
phosphorylation by PKA and most likely CaMKII cause dissociation of FK506 binding
protein 12.6 kDa (FKBP12.6; synonym. calstabin 2)*° leading to a destabilization of the
complex and enhanced channel activity. Thereby, the open probability of RyR2 is
increased and its response to Ca®* dependent activation is augmented®**’. To prevent
Ca** leak, the closed state of the channel is stabilized by high-affinity binding of one
regulatory FKBP12.6 protein to each RyR2 tetramer®**’. Inside the SR, calsequestrin (Casq)
monomers interact with the channel via the auxiliary proteins triadin (Trdn) and junctin

(Jet)®.
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Fig. 4 Structure and organization of the RYR2 macromolecular complex [modified from37.

The C-Terminus of RyR2 spanning from aa 4500 to aa 4967 constitutes the pore-forming region
formed of 6 transmembrane segments. Inside the SR, calsequestrin monomers interact with the
channel via the auxiliary proteins triadin (Trdn) and junctin (Jct). The N-terminal region forms the
cytoplasmic domain and is implicated in regulatory functions. To regulate its gating, further
proteins interact with the cytosolic side of the channel, namely protein kinase A (PKA) and
calmodulin (CaM). Phosphorylation sides of RyR2 are shown (P) where PKA and Ca®*/CaM-
dependent protein kinase II (CaMKII) regulate the channel and increase its open probability. The
closed state of RyR2 is stabilized by binding of FKBP proteins. Numbers in black indicate the
respective aa positions of the channel. Abbreviations: CaM = calmodulin; Casq = calsequestrin.

1.2.12 Systolic Ca* signals in ECC

The systolic release of Ca®* from the SR via a unitary cluster of RyR2s consisting of 30-
300 channels® is termed a triggered Ca?* spark®. In cardiac cells, RyR2s are associated
with LTCCs in so-called Ca®* release units (CRU) and each LTCC that opens triggers a

synchronous activation of 4-6 RyR2s*'. Spark initiation thereby results from the increased
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dyadic subspace Ca®* followed by elevated SR Ca®* causing increased RyR2 open
probability®®. Sparks occur as local increases in cytosolic Ca®* and are observed in mature
ventricular cardiomyocytes of all mammals*. Whereas the specific activity of Ca**
channels and transporters involved in spark initiation and termination as well as the
contribution of extracellular Ca®* can vary between mice and humans, the basic
underlying mechanism is conserved between mammalian species’®. Ca** sparks present
with a rapid rise (time to peak) and a moderately rapid decay (half-time of decay)*. The
mechanism of Ca®* spark termination, however, is not fully resolved*®. Current theories
indicate that termination most likely results from a combination* of SR Ca®* depletion,
an inactivation of RyR2s* and stochastic attrition*. This means that an increasing
number of RyR2s that stochastically close proceeds to augment the number of closed
channels causing a decrease of dyadic Ca** which culminates in the closure of all RyR2
channels and termination®. Further, a contribution of luminal Ca®" is quite conceivable.

Depolarization of the cell membrane during systole by an oncoming AP results in Ca®*
influx via LTCCs. In CICR, this Ca** influx results in a concomitant activation of all cellular
RyR2s. This triggers synchronous release of Ca®* from numerous CRUs, resulting in a
temporal and spatial summation of localized triggered Ca®* sparks generating
homogeneous, early peaking Ca?* transients*®. These transients, defined as transitory
elevations of cytosolic Ca®* represent the physiological event leading to controlled,
systolic Ca?* extrusion from the SR. The Ca?* of the systolic transient binds to troponin
C, elicits contraction and is thus responsible for generation of the heart beat®’. Following
a transient, the triggered release of Ca®* becomes refractory®. It is of utmost importance

for rhythmic ventricular contraction that local Ca®* transients throughout the heart are
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synchronized®’. Any change in the balance between Ca?* influx and efflux in cardiac
myocytes can lead to abnormal intracellular Ca®* regulation and arrhythmogenesis.
Therefore, coordinated release of Ca?* from the SR through RyR2 is crucial for

cardiomyocyte function.

1.2.2 Diastolic Ca* reuptake
1.2.21 Na’'- Ca*" exchanger and sarcoplasmic Ca*-ATPase

For relaxation of the myocyte during diastole, Ca®* has to be removed from the cytosol.
The NCX residing in the plasma membrane represents the major Ca®* efflux pathway in
ventricular cardiomyocytes thereby playing a crucial role in the regulation of the cytosolic
Ca®* concentration ([Ca®*])?®*°. To maintain a cellular Ca®* balance, the NCX extrudes the
same amount of Ca®* that entered the cardiomyocyte through LTCCs®. The exchanger
transports 3 Na* ions from the side with higher Na* concentration ([Na]) in exchange
for 1 Ca®* ion, making the pathway electrogenic. Exchange can appear bidirectionally,
depending on Na* and Ca®* gradients across the cell membrane as well as on the
membrane potential.

Yet, up to 90 % of the termination of Ca®" transients in mammalian ventricular myocytes
is arranged by the ATP-dependent ion pump SERCA located in the SR membrane®>2,
For replenishment of the SR with Ca?*, SERCA couples energy from ATP hydrolysis to

active Ca®* transport. A catalytic turnover of SERCA comprises the transport of 2 Ca®*

ions and the hydrolyzation of one ATP. Thereby, the ion pump restores the low resting
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[Ca®*]c of approx. 0.1 uM and simultaneously maintains a high luminal sarcoplasmic Ca**

concentration ([Ca®*]sr)>.

1.2.3 B-adrenergic stimulation

To adapt cardiac contraction and energy metabolism and increase cardiac output under
stress conditions, sympathetic nerves innervating the heart are activated resulting in
release of the catecholamines epinephrine and norepinephrine’®. In cardiac tissue,
circulating catecholamines bind to B-adrenergic receptors (B-AR) which couple to
stimulatory G proteins in their activated state®*. The subsequently activated adenylate
cyclase converts ATP to cyclic adenosine monophosphate (cAMP)>. Enhanced
production of cCAMP results in activation of PKA that in turn phosphorylates a plethora of
substrates including RyR2, PLN and CaMKII**. The phosphorylation of RyR2 alters its
gating properties to an increased open probability and increases its sensitivity to luminal
Ca** 3'. Phosphorylated PLN releases its inhibitory effect on SERCA stimulating SR Ca**
uptake?” which renders more Ca?* available for CICR in subsequent heart beats. This in
turn causes faster relaxation and augmented SR Ca®* loading®. Additionally, B-AR
stimulation elevates LTCC activity and leads to larger and faster Ca®* transients®’.

Altogether, the higher SR Ca?* load leading to an increased amplitude of transients

results in a stronger force of muscle contraction.
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1.3 Cardiac Mitochondria

1.3.1 Mitochondria and Ca*

During the systolic Ca®* transient, some of the cytosolic Ca** is buffered into
mitochondria®® with rapid uptake and slow release kinetics®, large enough to modulate
the amplitude and shape of a Ca®* transient. Whereas the role of this fast mitochondrial
Ca** uptake remains largely elusive, it is probably best explained by the existence of a
rapid mode of Ca®* uptake (RaM) in combination with mitochondria located close to SR
or plasma membrane®. The ability of mitochondria to accumulate large amounts of Ca®*

6162 \when rat cardiac mitochondria were shown

has been known for more than 50 years
to accumulate amounts of Ca?* from suspending media during electron transport
exceeding their initial Ca** content by several hundred times®. At rest, the matrix [Ca**]m
corresponds to that of the cytosol, whereas following stimulation it can reach values up
to 100-fold higher than that in the cytoplasm®.

In general, mitochondrial Ca’* accumulation as a function of extramitochondrial Ca®* can
be divided into three phases®. Initially, an equilibration between mitochondrial and
cytosolic Ca®* adjusts until Ca®* removal from the matrix keeps abreast with the rate of
Ca** uptake. Secondly, in the buffered phase as Ca** rises above 500 nM, the rate of Ca**
uptake exceeds that of removal from mitochondria and the organelle starts to
accumulate Ca®*. The storage of Ca?" in the mitochondrial matrix is ensued in the
presence of phosphate in the form of insoluble phosphate salts®. This Ca** accumulation
occurs at the cost of oxidative phosphorylation, is driven by the mitochondrial membrane

|67

potential®’ and implements several major functions: In addition to controlling the rate of
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oxidative phosphorylation, mitochondrial Ca®* uptake adds to the stimulation of
oxidative metabolism for cellular energy production in response to an increase in ATP
demand®. Free mitochondrial Ca®* activates the rate of ATP synthesis by modulating the
activity of pyruvate, isocitrate and a-ketoglutarate dehydrogenases of the Krebs cycle®"°.
These enzymes control the feeding of electrons into the respiratory chain as well as the
generation of the H* gradient across the IMM which is in turn necessary for Ca** uptake
and ATP production’'. Mitochondria are able to rapidly accumulate sequential pulses of
Ca** with the extramitochondrial [Ca®*] returning to the same “set point” after each
pulse’®. However, mitochondria do not merely respond to alterations in cytosolic [Ca®']
but preferably take up Ca** released by the SR. Due to this close connection of both
organelles referred to Ca** signaling, mitochondria can perfectly match ATP production
to ATP demand’®. When extramitochondrial Ca®* rises above the uM level, mitochondria
possess the ability to accumulate about 700-1000 nM Ca®** per mg mitochondrial
protein®. Yet, when Ca®* load exceeds the mitochondrial buffering capacity of the matrix,
the third phase of Ca** accumulation occurs, termed the overload phase where an
increase in mitochondrial matrix Ca®* is implicated in the induction of apoptotic cell
death via the intrinsic mitochondrial pathway. Here, mitochondria represent both targets
of proteins crucial for the regulation of apoptosis and a residence of proteins essentially
involved in the execution of apoptosis such as cytochrome C*°. Apoptotic stimuli lead to

an induction of the Ca?" triggered mitochondrial permeability transition pore (mPTP)

opening and loss of the mitochondrial membrane potential.
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1.3.2 SR-mitochondria Ca? microdomains

Mitochondria-associated membranes are the site where a multitude of biological
functions are regulated, including bioenergetics, autophagy, mitochondrial structure and
apoptosis’. They constitute a Ca®* signaling hub with intramitochondrial Ca®* signals
disseminating in the matrix, after the release from intracellular stores”™. In
cardiomyocytes, mitochondria are closely intertwined with T tubuli and localized in direct

proximity to the SR®”

with an apposition of both organelles as close as 10-50 nm
between terminal cisternae of the SR and mitochondrial membranes’®”. A very specific
physical coupling between SR and the mitochondrial outer membrane (OMM) has been
reported in cardiac cells®. SR-mitochondrial Ca** microdomains were shown to be
dependent on physical linkage of both organelles by mitochondrial fusion proteins
mitofusin (Mfn) 1 and 2, acting as a molecular tether that links cardiac SR to
mitochondria®®3. In Ca** microdomains®® (Fig. 5, light pink circle between both
organelles), mitochondria are transiently exposed to local high [Ca®*]. resulting from SR
Ca** release which exceeds the concentration of the bulk cytosol by about 10 times®. SR

Ca’" release causes a transient increase in mitochondrial Ca%* &

, resistant to cytosolic
Ca®* buffering with BAPTA indicating that Ca®* can reach mitochondria by “tunneling” via

microdomains®. At this, even Ca®* sparks are sufficient for activation of low affinity Ca®*

uptake into adjacent mitochondria®.
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1.3.3 Mitochondrial Ca# channels

1.3.3.1 Outer mitochondrial membrane - Voltage dependent anion
channel 2

For Ca®" transport to occur between cytosol and mitochondria, Ca®* ions need to
overcome both the OMM and the mitochondrial inner membrane (IMM). The following
section will provide an overview of channels residing on both membranes which are
implicated in Ca** uptake into mitochondria as well as in mitochondrial Ca** efflux (Fig.
5).

Albeit previously considered to be freely permeable, a role of the OMM as a regulated
Ca** barrier has been recognized not long ago®. Flux of Ca®* °, but also of metabolites
such as adenosine diphosphate (ADP), ATP, nicotinamidadenindinucleotide (NADH) or
molecules of up to 4-6 kDa across the OMM is conducted by transmembrane voltage-
dependent anion channels (VDACs). VDACs represent the most abundant OMM proteins
accounting for over 50% of all OMM proteins®’ and play a pivotal role in mitochondrial
bioenergetics and cell metabolism with implications in development as well as cell
survival. Three isoforms exist which share about 75 % of sequence similarity, yet in
mammals VDAC2 exhibits a unique 11-12 aa extension at the N-terminal end pointing to
functional versatility of the isoforms. VDACs are formed by B-barrels exhibiting a wide
pore diameter of about 2-4 nm%. A N-terminal a-helix located inside the pore is
seemingly necessary for voltage-gating® and presumed to be involved in channel activity
for metabolite transfer®. When incorporated in artificial membrane systems, VDAC is fully

open at potentials between >-30 and <+30 mV and weakly anion-selective, with a high
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permeability for metabolites. At higher potentials, it is closed to approx. half of the
original conductance referred to as the classical “closed” state with a switch to cation-
selectivity leading to increased Ca®* flux across the OMM. The transition between open,
gated and closed states, referred to as VDAC gating, is experimentally induced by
voltage® and different mechanisms of gating were suggested: Intrinsic gating® would
lead to a change in channel conformation® whereas gating by occlusion® would lead to
protein interaction partners (e.g. tubulin in cardiomyocytes®’) or metabolites (such as
NADH?) entering and “corking up” VDACs®' thereby regulating its conductance. The
generation of a potential across the OMM was further suggested as a regulatory
mechanism of VDAC gating, with the possibility of a partial application of IMM potential
to the OMM occuring at contact sites between both mitochondrial membranes where
interactions between proteins residing in IMM and OMM take place®'. Moreover, Ca*
itself is capable of modulating the gating behavior of VDAC. VDAC was postulated to be

18399 since its conductance and transition to

a Ca®* activated and regulated Ca** channe
full opening were reversibly induced by submicromolar Ca®* in natural OMM®®, Whereas
at resting [Ca®*], there is a regulation of VDAC activity and OMM permeation of Ca**
and small molecules in response to an increase of Ca**, VDAC displayed an immediate
shift to large conductances and an eventual transition to full opening after a lag period.
During the Ca®* signal, the OMM barrier is seemingly decreased®. It remains elusive
whether the sensitivity of VDAC to Ca®* is conveyed by a Ca®* sensitive enzyme targeting
the channel, by CaM or by a direct effect of the cation on VDAC.

Of particular interest for Ca®* uptake into cardiac mitochondria is the isoform VDAC2'%"

192 A knockdown of VDAC2 attenuated mitochondrial uptake of Ca®* released from the
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SR via RyR2 in the cardiac cell line HL-1 which not only supports the pivotal role of VDAC2
for Ca®* signaling but also suggests that a direct coupling of both channels is essential
for Ca®* transfer from the SR into cardiac mitochondria''. Apart from RyR2, protein
interaction partners of VDAC2 include other Ca®* handling proteins such as the

mitochondrial Ca®* uniporter (MCU)'®,

1.3.3.2 Inner mitochondrial membrane - Mitochondrial Ca®
uniporter complex

Physiological Ca** entry into mitochondria mainly occurs by uptake via MCU residing in
the IMM. The MCU represents an electrogenic pathway for the rapid transport of Ca®*
into the matrix, propelled by the negative charge of the IMM potential (AWm) which is
created by the respiratory chain®'%1% The MCU dominates fast uptake at [Ca®*] as high
as 5-10 uM of free Ca** 3%, which are not normally achieved in the cardiomyocyte
cytoplasm’'%. Due to this low affinity, the MCU would not allow substantial Ca** uptake
under resting (approx. 0.1 uM) or stimulated (1-3 uM at the peak) conditions and
significant Ca®* uptake was anticipated to be a unique feature of massive cytoplasmic
Ca** overload®. However, the low affinity of MCU for Ca®* is overcome by the close
proximity of mitochondria to Ca?* channels such as to RyRs in SR-mitochondria
microdomains’®#197198 (Fig 5y There, the juxtaposition of SR and mitochondria could
enhance mitochondrial delivery of SR-derived Ca®* by limiting cytosolic diffusion and the
subcellularly restricted high Ca®* of above 10 uM'® meets the low affinity of the MCU®.

The MCU exists as a macromolecular complex with a Ca®* permeant pore consisting of
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the pore-forming MCU protein, mitochondrial Ca®* uniporter b (MCUb) and the
scaffolding essential MCU regulator (EMRE). Further regulatory proteins associated with
the MCU are mitochondrial Ca** uptake (MICU) 1, 2, 3 and mitochondrial Ca®* uniporter

regulator 1 (MCURT)',

AWMito = -180 mV

[Ca®*]mito™ 0.1 uM (at rest) -
up to 300 uM (stimulated

mitochondria

OMM

[Ca**],~ 0.1 uM (at rest) -
Win up to 3 pM (stimulated

Fig. 5 SR-mitochondria Ca®* microdomains with channels and transporters involved in

mitochondrial Ca®* signaling [modified from™].

Following release from the SR via RyR2, Ca®* is being taken up from adjacent mitochondria
tethered to the SR with Mitofusins (Mfn) acting as molecular tethers. Mfn hold both organelles in
place for Ca®* microdomains (indicated by light pink circle) with locally high Ca®* concentrations
[Ca®*] to form. Whereas mitochondrial Ca®* import across the OMM is mediated by VDAC, Ca®*
enters the mitochondrial matrix though the MCU macromolecular complex located on the IMM.
The latter is negatively regulated by mitochondrial Ca** uptake (MICU) 1 and 2 which possess the
ability to prevent Ca* influx via MCU. Further regulatory proteins associated with the MCU are
the scaffolding essential MCU regulator (EMRE) and mitochondrial Ca®* uniporter regulator
(MCUR). Mitochondrial Ca®* efflux is governed by Na*/Ca?* exchanger (NCLX). To prevent SR Ca?*
depletion, the ion is transported back into the organelle by the ATP-dependent SERCA.
Abbreviations: AWy, = IMM potential.
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1.3.3.3 Mitochondrial Ca* efflux pathways

To prevent Ca®** overload at high [Ca®*]c and to preserve Ca®* homeostasis and
bioenergetics at low [Ca**],, mitochondria also possess pathways for Ca** extrusion with
their relative activity determining free [Ca**]n®’. Under physiological conditions, Ca®*
extrusion from mitochondria is governed by two clearly distinct pathways, referred to as
Na*-dependent and Na*-independent. In excitable tissues such as the heart with rapid
mitochondrial Ca* release, Ca®* extrusion is primarily governed by the Na*-dependent
mitochondrial Na*/Ca®*-exchanger (NCLX) located in the IMM™? (Fig. 5). NCLX

2+ 113

exchanges >3 Na* for 1 Ca and is able to transport Li* as a substitute for Na* to

release Ca®* "

clearly delineating it from plasma membrane NCX. Further, NCLX is
implicated in Ca®* communication between SR and mitochondria in HL-1

cardiomyocytes'™.
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1.4  Cardiac pathophysiology - Cardiovascular diseases

1.4.1 The congenital arrhythmia catecholaminergic polymorphic
ventricular tachycardia

If the mechanisms of cardiac Ca** handling and thus ECC are not properly orchestrated,
cardiovascular diseases (CVDs) may arise. Until today, CVDs constitute the leading cause
of death worldwide and will continue to dominate mortality trends in the future'®. While
in 1990, 14.4 million people died of CVDs globally, this number increased to an estimated
17.9 million people in 2016, accounting for 31 % of all deaths worldwide'"”. Ventricular
tachycardia (VT) which is triggered by propagation of ectopic beats leading to
fibrillation''® is the leading cause of sudden cardiac death (SCD)""®'®°. In up to 15 % of
sudden unexplained deaths (SUD)'?", patients carried a pathogenic mutation revealed by
postmortem genetic testing for catecholaminergic polymorphic VT (CPVT)'#'3 CPVT
has an unknown prevalence, estimated at 1:5000 to 1:10000'%* and it represents a highly
malignant cardiac disease characterized by bidirectional or polymorphic VT. Arrhythmias
typically arise in relation to adrenergic stimulation or physical exercise'®'?. It was
originally described in 1978'*" and characterized more precisely in 1995'® This
congenital form of VT is in most cases inherited as an autosomal dominant trait and
about 30 % of affected people have a family history of stress-related syncope, seizure
and SUD'®. The underlying reason for SCD in CPVT patients is a degeneration of

tachycardia into ventricular fibrillation (VF)'2°13°,



42

1.4.1.1 Manifestation and clinical presentation

The first clinical manifestation of the arrhythmia in over 50 % of patients is syncope,
followed by aborted SCD™'. While patients first show a normal resting ECG and no
structural evidence of myocardial abnormalities, the disease manifests with a relatively
early onset of clinical symptoms at 7-9 years in average'®. It accounts for 1.5 % of sudden
infant deaths, the mortality rate in untreated children is about 50 %' The rate of
occurrence of cardiac events including syncope, aborted cardiac arrest and SCD in
untreated individuals amounts to about 58 % and the mortality ranges from 30 to 50 %
by the age of 20 to 30 years®®'®. An estimated 40 % of patients die within 10 years of
diagnosis™* and even in patients receiving medication, the mortality rate can reach up
to 13 %'*% CPVT is termed a VT since in over 50 % of the patients the arrhythmia arises
from the ventricles, with the first beat of an arrhythmic episode originating in the
ventricular outflow tract'®*'**. Moreover, arrhythmia can develop in the ventricular
myocardium'? The QT interval is generally normal'** to borderline prolonged at rest and

unchanged during exercise'**

. An increase in exercise workload leads to the progressive
worsening of arrhythmias which due to high reproducibility and occurrence at >120 bpm
can be considered a hallmark of CPVT (Fig. 6)'%'2*. After premature ventricular complexes
(PVCs) arise which can perturb the normal sinus rhythm thereby inducing tachycardia”>,
bidirectional (BVT) and/or polymorphic VT are observed. A diagnostic marker, although
only present in about 35 % of CPVT patients is the pattern of BVT with a QRS axis rotating
180° on a beat-to-beat basis. The mechanism underlying this alternating QRS axis is not

yet fully resolved™’, yet a role of the His-Purkinje system in the genesis of BVT has been

demonstrated™®. Owing to the various characteristic manifestations with different ECG
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patterns, CPVT is termed a polymorphic arrhythmia. In the majority of the cases,
arrhythmias are non-sustained'*, meaning that after termination of exercise stress
testing they gradually dissolve (Fig. 6). Albeit, some patients without the pattern of BVT

exhibit rapid polymorphic VT.
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Fig. 6 Representative ECG traces of a CPVT patient carrying a RyR2 mutation during exercise
stress testing [modified from°.

Whereas before exercise onset, the patient displays a normal resting electrocardiogram,
adrenergic stimulation during stress conditions leads to a progressively worsening arrhythmia
onset in the form of polymorphic ventricular tachycardia (VT) (exercise 1 minute). An increase in
the sinus HR to approx. 120 bpm results in the characteristic bidirectional VT with a QRS axis
rotating 180° on a beat-to-beat basis (3-4 min of exercise). Following a recovery period after

cessation of stress testing, arrhythmias rapidly recede (Recovery).
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1.4.1.2 Mechanisms underlying arrhythmogenesis in CPVT 1 -
Aberrant Ca®" handling

As mentioned above, intracellular Ca®* release plays a pivotal role in ECC and needs to
be well-orchestrated for cardiac rhythmicity. Any form of disturbance in the regulation
of Ca®* uptake and release is associated with CVDs such as CPVT. Mutations in Ca**
handling proteins cause abnormalities in myocardial Ca®* flux, which, in the presence of
catecholamines lead to DADs, spontaneous APs and VT% CPVT 1, the autosomal
dominant form of the disease is associated with mutations in the cardiac isoform of
ryanodine receptor, RyR2'% accounting for approx. 50-55 % of all cases. Although in the
majority of these patients the RyR mutation results in a gain-of-function effect of the
channel’, rare cases of loss-of-function mutations have been reported’®®. Further known
mutations causing CPVT exist such as Casq?2 in the autosomal recessive form of CPVT 2
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in up to 5 % of patients’*”, although an autosomal dominant mutation of Casq has

recently been identified". The underlying mutation of CPVT 3, a highly malignant
autosomal recessive form, has been ascribed to a yet unidentified gene on chromosomal
region 7p14-p22'*'. Under 1 % of affected people carry a mutation in CaM1 causative of
the arrhythmia in CPVT 4'?, whereas CPVT 5 is caused by mutations in Trdn leading to
early severe arrhythmias with sudden death3™#,

In 2001, Priori et al. identified RyR2 as the gene affected in human CPVT1 patients'®. To
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date, 155 different RyR2 mutations causing CPVT 1 are known'®. Most mutations are

single-base pair substitutions resulting in a replacement of highly conserved aa and occur
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in 4 hot spot clusters of the RYR2 gene'““. As a consequence of altered properties such
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as an increased sensitivity of the channel to luminal Ca , single dysfunctional RyR2s
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spontaneously leak Ca** during diastole. This occurs in the form of spontaneous Ca**
sparks (Fig. 8) originating from brief but frequent openings of single RyR2s* in quiescent
unstimulated ventricular cardiomyocytes within an individual CRU without an external

123 Although every cell exhibits frequent single RyR openings (~3000 x cell " x "),

trigger
these openings are often unable to trigger a spark (~130 x cell” x s™) and under
physiological conditions, spontaneous sparks remain locally restricted. However, in the
setting of cytosolic Ca?* overload apparent in CPVT, RyR2s are sensitized by Ca®* leading
to more channels spontaneously leaking Ca®*. Ca** from one spark can in turn recruit
neighboring receptor clusters to form compound sparks and so forth, in a process called
spark-induced spark activation. Currently, three hypotheses exist regarding the reason
underlying diastolic Ca®* leak in CPVT 1. One explanation is the dissociation of FKBP12.6
from the mutated channel due to a weakened binding affinity resulting in an open state
of RyR2'®. In contrast, the store overload-induced Ca** release (SOICR) theory states that
the threshold for free SR Ca®* is decreased with mutant RyR2 leading to Ca** spillover
from the SR Another possibility are defective intramolecular domain interactions'?:
Central and N-terminal domains of RyR2 are stabilizing the channels closed conformation
by interdomain interactions, so-called domain zipping. Mutations in RyR2 possibly
involve an unzipping of domains, accounting for diastolic RyR2 leakiness. Taken together,
mutated RyR2s with their enhanced Ca** sensitivity are not alone arrhythmogenic. Rather,
the stimulation of SERCA and increased [Ca®']ss triggered by B-adrenergic stimulation
(arrhythmogenic trigger, Fig. 8) lead to the increased propensity of arrhythmic events

under stress conditions'®,



46

1.4.1.3 Diastolic Ca® waves

As opposed to single Ca®* sparks causing brief changes in local intracellular Ca®* under
physiological conditions'®, the rapid rise of the spark rate in CPVT increases [Ca**]c which
can initiate spontaneous, diastolic Ca®* waves that propagate along myocytes'® (Fig. 8).
Waves either occur as a result of [Ca®*]sr elevated above a threshold or if this threshold
is lowered™'. According to Cheng and Lederer, three relevant features of Ca®** waves
exist*®. Waves are initiated by sparks and their propagation is dependent on sequential
activation of Ca** sparks by locally elevated Ca?* resulting from preceding sparks. The
properties of the wave thereby strongly depend on the amount of Ca* released through
a single spark™®. The increased sensitivity of CICR enables sparks to trigger neighboring
sparks leading to a saltatory propagation with the wave occuring as a “fire-diffuse-fire”
event with simultaneous release and diffusion of Ca** throughout the cell’*?. Hereby, an
absolute prerequisite for signal propagation is the existence of a sufficiently large
population of CRUs that have not already been activated'®. Since Ca®* waves are not
present in ventricular cardiomyocytes under physiological circumstances, they are
considered pathological events associated with cellular Ca®* overload™ causative for

ventricular arrhythmias'* thus regarded a highly recognized feature of CPVT.
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1.4.1.4 Delayed afterdepolarizations and spontaneous APs during
diastole

Ca®* waves can activate NCX'>® and Ca®* efflux via the exchanger during diastole in turn

can generate transient inward currents (Is;). In contrast to various animal species, I solely
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consists of Ina/cain human ventricular cardiomyocytes'™”. Yet, in addition to forward-mode

NCX generating Iy, there is a possible contribution of further Ca®* sensitive inward

currents'', I

can trigger arrhythmias by two different mechanisms. First, it can augment
early afterdepolarizations (EADs) (Fig. 8), spontaneous systolic afterdepolarizations
occurring during phase 2 or 3 of repolarization™® (Fig. 7), most probably due to
interactions of Ica. and repolarizing K* currents®. Secondly, Is has the potential to yield
delayed afterdepolarizations (DADs) during diastole (Fig. 8). DADs are pathological low-
amplitude voltage oscillations occurring in phase 4 of the cardiac AP after repolarization
is complete'’ (Fig. 7). Noteworthy, murine cardiomyocytes are capable of developing
DADs in vitro despite their short diastolic phase given the fast HR. However, both murine
and human healthy cardiomyocytes are not prone to spontaneous DADs without an
arrhythmogenic trigger such as intracellular Ca** overload (i.e. due to a RyR2 mutation),
excessive B-AR stimulation and/or an increase in HR™™ In contrast, CPVT
cardiomyocytes from RyR2F*%“WT mjce already exhibit DADs under basal conditions
with a further increase following B-AR stimulation'®. If sufficiently large, these DADs may
produce aberrant electrical activity in the form of spontaneous APs eventually resulting

in arrhythmia'®. Spontaneous APs represent the most noted mechanism of Ca?'

dependent arrhythmogenesis in CPVT.
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Fig. 7 Mechanisms of Ca®* induced arrhythmogenesis [modified from'®'].

Whereas delayed afterdepolarizations (DADs) are low-amplitude depolarizations occuring after
complete repolarization during diastole, early afterdepolarizations (EADs) originate during the
cardiac AP before repolarization is complete and lead to AP prolongation. Both types of voltage
oscillations may provoke spontaneous APs if they reach the threshold of depolarizing currents.

These spontaneous APs can in turn elicit further APs leading to sustained triggered activity
eventually resulting in arrhythmia.
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1.4.15 Overcoming the source-sink mismatch and induction of
arrhythmia

Once the membrane potential of an individual cardiomyocyte in the heart deviates from
that of surrounding myocytes as in DADs and EADs, electrotonic current flow occurs from
adjacent cells to reduce the erratic voltage difference. On average, a ventricular
cardiomyocyte (the source) is directly coupled to 11 further myocytes (the sink) which
will prevent voltage oscillations from propagating throughout cardiac tissue'®. Thus, in
order to trigger an arrhythmia in the heart (CPVT arrhythmia, Fig. 8), a single
cardiomyocyte presenting with DADs or EADs first has to overcome the protective
source-sink mismatch with surrounding tissue. A sufficient number of quiescent
neighboring cells would have to synchronously evolve an afterdepolarization. Yet, in
genetic channelopathies such as in CPVT, the cardiac tissue is not considered normal due
to electrical remodelling leading to a weaker sink which drastically decreases the number
of adjacent cardiomyocytes necessary to trigger a PVC'®. In CPVT, the leaky RyR2 causes
drastic overload conditions resulting in an increased amplitude, frequency and synchrony
of Ca®* waves'®. Taken together, these factors augment the probability that neighboring
Ca** overloaded myocytes likewise carrying the disease-causing mutation will exhibit SR
Ca®* release in relative synchrony. In the presence of B-AR stimulation RyR2 leakiness is
further aggravated, additionally promoting DADs and the development of focal

arrhythmias.
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Fig. 8 The steps of CPVT pathogenesis.

In the setting of CPVT (e.g. RyR mutation), an arrhythmogenic trigger (adrenergic activity triggered

by physical, emotional or catecholaminergic stress) leads to spontaneous Ca®* release from the

SR in the form of spontaneous, untriggered Ca®* sparks. Depending on the time of their

occurrence, these sparks can trigger secondary systolic Ca®* elevations (SSCEs) (systole) or Ca?*

waves (diastole) which lead to cytosolic Ca®* overload. This Ca®* can in turn activate the NCX

carrying transient inward current L. which can augment both EADs (systole) and DADs (diastole).

Once a single arrhythmic cardiomyocyte becomes capable of transmitting its aberrant stimuli to

adjacent cardiac tissue thereby overcoming the source-sink-mismatch of the cardiac syncytium,

CPVT arrhythmia occurs.
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1.4.1.6 Murine model of CPVT 1

In 2005, the group of Silvia G. Priori published the generation of the conditional knock-
in RyR2R*49WT mouse model phenotypically resembling a severe form of human CPVT
caused by a mutation in RyR2'®. In 2001, the associated R4497C mutation had been
identified as a cause underlying an extremely lethal form of human CPVT'® with more
than 50 % of patients manifesting with cardiac arrest. Akin to the absence of structural
heart defects in human patients, R4496C mice do not exhibit macroscopic cardiac
alterations such as tissue abnormalities or signs of inflammation'®. Yet, the presence of
the R4496C mutation predisposes the murine heart to the development of BVT,
polymorphic VT and VF. The polymorphic pattern of /n vivo arrhythmia recapitulates the
human CPVT phenotype with mice developing sustained and non-sustained VT and also
VF'2>, VT in RyR2R*%*MT mjce revealed the typical bidirectional morphology that is
considered a hallmark of human CPVT'®, Also precisely reflecting the cause of disease in

human patients, tachycardia in RyR2R44%6/WT

animals was shown to be caused by
alterations in Ca** handling with augmented spontaneous SR Ca®* release through the
defective RyR2 channels. Due to the high propensity for diastolic waves in
cardiomyocytes from CPVT mice, they are prone to the development of spontaneous APs
upon adrenergic stimulation'?®. In addition to the remarkable similarities demonstrated

in murine and human CPVT mutation carriers in regard to disease morphology and

severity, RyR2f49%“WT mice also manifest an incomplete response to B-blockers'.
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1.4.1.7 Common therapeutic interventions in CPVT

To date, there is no pharmacological therapy with proven effectiveness available for CPVT
patients harboring a RyR2 mutation and only 38 % of patients are controlled by drug
treatment. The causal association between stress and arrhythmic symptoms make
exercise restriction and B-blockers the first-line therapy'®'° Although the highest
tolerable dose is being prescribed to maximize control of arrhythmias, B-blockers fail to
prevent from arrhythmias in 30 % of patients and do not completely prevent from SCD'?2,
In addition to drug intolerance occurring in some patients'®, the quality of life can be
severely limited since cardiac performance is tempered and physical work load is
limited'®. This represents a significant restriction especially in predominantly very young
and active patients oftentimes leading to non-compliance'®. Various other types of
medications belonging to the group of antiarrhythmics are used in the treatment of CPVT
with varying degrees of success. Verapamil, a Ca®* channel blocker and class IV
antiarrhythmic drug, significantly reduced ventricular arrhythmias without a complete
suppression of CPVT*'% byt also showed an inhibitory effect on K* currents. Generally,
Ca?* channel blockers are to a large part deprived from CPVT patients since they

commonly cause cardiac arrest in infants'*

. Another approach is the treatment with Na*
channel blockers. Flecainide was shown to improve ventricular arrhythmias in 74 % of
genotype-positive’® and in 92 % of genotype-negative'® individuals in the absence of
structural heart disease. Other promising examples of Na* channel blocker therapy for
patients bearing a RyR2 mutation include propafenone’®, mexiletine and
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disopyramide™, yet only a small number of individuals were being treated to date.

Further, the Na* channel blocker Ranolazine decreases abnormally high [Ca?']. and
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prohibits Ca®* overload'’”’. Yet, Ranolazine additionally targets I, leading to a prolonged
AP duration (APD) with corresponding QT interval prolongation and its antiarrhythmic
activity is incomplete. In conclusion, treatment ended fatally in 75 % of patients after
either B-blockade was substituted by the Na* channel blocker or B-blockers were
continued. Thus, a more recent approach is a combined therapy of antiarrhythmics and
B-blockers, which proved more effective than monotherapy with B-blockers alone'”". In
this context, a combined therapy with flecainide is by now successfully incorporated into
CPVT treatment'® and current guidelines recommend the use of the Na* channel blocker
in individuals with recurrent syncope while on B-blockers'”2'3, Despite these promising
outcomes, flecainide is still contraindicated for patients with suspicion of structural heart
defects and coronary artery disease. Thus, in CPVT patients with preexisting conduction
abnormalities such as a QRS interval prolongation by >25 %, treatment with Na* channel
blockers should be discontinued''"*, Patients devoid of controlled optimal therapy™'
or those who have experienced cardiac arrest are recommended to carry an inducible
cardioverter-defibrillator (ICD) implanted to terminate VT'°. In addition to clinical
problems associated with ICD implantation in children such as infections, only 50 % of
patients implanted with an ICD received an appropriate shock following arrhythmia. But
in addition to these life-saving interventions, ICD devices often cause inappropriate
shocks and electrical storms that may result in lethal events. This led to a frequent
application of high dose B-blocker treatment in addition to ICD implantation. As an
experimental therapy applicable in high-risk patients with uncontrollable arrhythmia that
receive frequent ICD shocks despite [B-blockade, left sympathetic denervation

(LCSD)™"17® seems to hold potential by drastically reducing arrhythmic storms''’_ By
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preventing cardiac release of norepinephrine, LCSD exerts long-lasting effects without
impairing myocardial contractility and thereby is especially effective in patients not
compliant to B-blockers'’®. The procedure was shown to be an effective antifibrillary
intervention in CPVT patients, either as a single therapy or in combination with [3-
blockers'’®. Since LCSD can significantly reduce the number of ICD shocks and narrow
the amount of patients experiencing electrical storms post-procedure'’?, it adds to the
recommended treatment options for CPVT'’2. A further minimally-invasive approach
seemingly effective in some CPVT patients presenting with atrial fibrillation (AF)'®* is
catheter ablation, where arrhythmic tissue surrounding the pulmonary veins is freezed
leading to the formation of small scars that prevent abnormal electrical signals from
propagating throughout the heart. As can be seen from the different aforementioned
approaches, fully satisfying treatment options for CPVT are still scarce pointing to an
urgent need for new, non-invasive therapeutic strategies that do not intervene in systolic

APs thereby causing proarrhythmogenic effects.

1.4.2 The synthetic VDAC2 agonist efsevin exerts antiarrhythmic
properties in zebrafish embryos

Cardiac rhythmicity is critically dependent on a well-orchestrated cardiomyocyte Ca®*

handling. Prevalent CVDs such as cardiac arrhythmias are causally linked to aberrant Ca*

handling and a disturbed cellular Ca** homeostasis make intracellular Ca®* transporters

lead candidate structures for novel and safer antiarrhythmic therapies.
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However, not a single one of today’'s common cardiac therapeutics directly acts on
intracellular Ca®*. Mitochondria are known to regulate cardiac rhythmicity'®'®. Our lab
proposed the pharmacological activation of mitochondrial Ca®* uptake as such a novel
intracellular target structure. In a small molecule suppressor screen designed to identify
novel regulators of cardiac rhythmicity and chemical modulators thereof, the
dihydropyrrole carboxylic ester efsevin (Fig. 9a) was identified by its potent ability to
suppress cardiac fibrillation in tremblor (tre) zebrafish'®'®2, Due to a mutation causing
the lack of cardiac NCX, homozygous tre embryos are unable to efficiently remove Ca®*
from the cytoplasm and display only unsynchronized cardiac contractions resembling
cardiac fibrillation. 7re embryos treated with the synthetic compound efsevin, however
displayed robust rhythmic contractions (Fig. 9c) with fractional shortening comparable
to wildtype (WT) and a HR of approx. 40 % of that observed in WT siblings. Efsevin was
demonstrated to directly bind to VDAC2 in the OMM and overexpression of the channel
likewise restored rhythmic cardiac contractions while VDAC2 knockdown abolished the
efsevin-mediated effects indicating that efsevin potentiates VDAC2 activity. Indeed, an
enhanced mitochondrial Ca** uptake was observable upon treatment of Hela cells with
efsevin (Fig. 9b). By potentiating mitochondrial Ca®* uptake, efsevin significantly
enhances the removal of cytosolic Ca®* in adult murine cardiomyocytes. This leads to a
spatial and temporal restriction of Ca®* sparks causing a significant reduction of Ca®*
waves in cardiomyocytes from WT mice challenged by high extracellular Ca®*. These
findings point to a great potential of efsevin for future therapeutic use in CVDs such as
CPVT where propagating Ca** waves induce arrhythmias. With the emergence of the

substantial role of mitochondria in CVDs, VDAC2 becomes an interesting drug target and
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efsevin might serve as a lead candidate drug to target the mitochondrial Ca®* uptake

pathway.
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Fig. 9 The dihydropyrrole carboxylic ester efsevin restores rhythmic cardiac contractions in NCX-
mutated zebrafish embryos and increases mitochondrial Ca?* uptake in Hela cells by targeting
VDAC2 [compiled from™®"].

(a) Chemical structure of efsevin. (b) The antiarrhythmic effect of efsevin was ascribed to enhanced
mitochondrial Ca®* uptake via an interaction with the OMM channel VDAC2 by treatment of Hela
cells with efsevin (dark gray trace). Inhibition of mitochondrial Ca®* uptake with ruthenium red
(RuR) (light gray trace) clearly demonstrates the mitochondrial specificity of the signal. (c) Whereas
wildtype (WT) zebrafish exhibit robust rhythmic contractions as shown by cross sections through
GFP-tagged hearts (left side), mutated tremblor (tre) fish display only unsynchronized contractions
resembling cardiac fibrillation. However, efsevin could recover rhythmic cardiac contractions to

approx. 40 % of that observed in WT whithout any adverse effects on WT hearts.
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1.4.3 Aim of the thesis: Enhancing mitochondrial Ca?* uptake as a
novel treatment strategy in CVDs

Despite the pronounced effects of enhanced mitochondrial Ca** uptake via efsevin to
restore cardiac rhythmicity seen in zebrafish mutants and WT murine cardiomyocyte,
experiments in mammalian disease models were still lacking. Interestingly, the observed
rescuing effect in tre embryos was not limited to activation of VDAC2. Likewise,
enhancing mitochondrial Ca®* uptake by overexpression of the MCU restored rhythmic
cardiac contractions in tre zebrafish. Presumably, both channels cohere as a transport
unit to forward Ca®* from the cytosol across both mitochondrial membranes into the

organelle'®

and activation of this pathway through either of the two targets is effective
to enhance mitochondrial Ca®* uptake and to suppress arrhythmia in the zebrafish model.
The MCU is activated by natural plant flavonoids with kaempferol (3,4'5,7-
Tetrahydroxyflavone, 3,5,7-H-1-benzopyran-4-one, Robigenin) being the most active

compound to enhance Ca®* uptake into mitochondria'®

. Work from our group indeed
demonstrated that the MCU agonist kaempferol dose-dependently increased the rapid
transfer of Ca®* from the SR into mitochondria akin to efsevin'®. Albeit kaempferol was
demonstrated to reduce arrhythmogenic Ca** waves arising from dissipation of the
mitochondrial membrane potential'®® and cardioprotective biological activities of the
flavonoid have been assumed''%, potential antiarrhythmic effects of the MCU agonist
in mammalian models of Ca®* induced arrhythmia are still lacking. To close this major

gap, I evaluated a potential antiarrhythmic effect of enhanced mitochondrial Ca®* uptake

in a murine cardiac disease model of CPVT harboring a mutation in the SR Ca** release
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channel RyR2 and two human CPVT models with a RyR2 as well as a yet unknown

mutation, with the following aims being adressed:

(1)

(a)

(b)

(2)

(a)

(b)

(3)

(a)

4)

Is there an antiarrhythmic effect of VDAC agonization with efsevin in
cardiomyocytes from RyR2R*%“WT mjce in the various events underlying CPVT
arrhythmia progression?

Does Efsevin intervene as early as during Ca®* signals during diastole (sparks,
waves) and systole (SSCEs)?

Does Efsevin's effect recur throughout the more expansive electrophysiological

signals during diastole (DADs, APs) and systole (EADs)?

Does enhanced mitochondrial Ca** uptake represent a general and standalone
antiarrhythmic principle?

Is enhanced mitochondrial Ca®* uptake indeed the sole mechanism underlying the
antiarrhythmic activity of efsevin?

Is MCU agonization with Kaempferol equally effective as VDAC2 agonization with

efsevin with regard to Ca** sparks?

Could an antiarrhythmic effect of both efsevin and kaempferol be translated to
RyR2R44%CWT mice in vivo?
Is there an antiarrhythmic effect of both substances also on full-blown CPVT

QR44%6C/WT miice over a course

arrhythmia concerning cardiac tissue as a whole in RyR
of 3 or even over a course of 8 days?

Are there adverse effects observable in any of the aforementioned arrhythmogenic
signals /n vitro or in mice /n vivo?

Could an antiarrhythmic effect of both efsevin and kaempferol be translated to

human induced pluripotent stem cell (iPSC)-derived cardiomyocytes from CPVT

patients carrying a RyR2 or a yet unknown CPVT mutation, respectively?
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2. MATERIALS

21 Consumables

Product
Cation exchanger dowex columns

Ceramic beads 2.8 mm (tissue
homogenization)

Filter mesh 200 ym (cardiomyocyte
isolation)

Glass bottom culture dishes

Glass capillaries with filaments (patch
clamp)
Millex-GV filter

Cell culture dish (patch clamp)

Neutral alumina columns

Osmotic minipumps

Suture (heart cannulation and fixation)

Suture with round bodied 3/8 circle
needle (wound closure)

Syringe with 29G needle (epi/caff
injection), TmL

Syringe (filling of osmotic minipumps), 1
mL

Syringe (heart cannulation), 1 mL

Name and Company

packed by Dr. A. Breit with anion
exchange resin, Bio Rad

CK28L Precellys Peglab, Darmstadt,
Germany, #91-PCS-CK28P

Polyester Siebgewebe, Bartelt, Graz,
Austria, #9068227

MatTek Corporation, Ashland, MA, USA,
(for mouse cells) # P35G-0-0.170-14-C or
(for human iPSCs) # P35G-0-0.170-10-C
1.05x1.50x80 mm, Sutter Instruments
HEKA Elektronik Dr. Schulze GmbH,
Lamprecht, Germany, #GB150TF-8P
Millipore Merck KGaA, Darmstadt,
Germany, #SLGV004SL

Nunclon™ Delta Surface, Thermo Fisher
Scientific GmbH, Dreieich, Germany,
#150318

packed by Dr. A. Breit with anion
exchange resin, Bio Rad

ALZET DURECT Corporation, Charles
River Laboratories GmbH, Sulzheim,
Germany, (model 1003D) #0000289 or
(model 1007D) #0000290

4/0 USP, white-braided polyester, non-
absorbable, silicone coated, Medipac,
Kilkis, Greece, #542

5/0 USP, blue monofilament, non-
absorbable, polypropylen, Medipac,
Kilkis, Greece, #6211

Terumo Myjector U100, Terumo,
Eschborn, Germany

Luer-Lok™ Tip, BD Biosciences VWR,
Darmstadt, Germany, #BD-309628
Injekt®-F Solo, B. Braun, Melsungen,
Germany, #9166017V
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Syringe (iPSC explantation), T mL

Three-way valve Luer-Lock (cardiac
perfusion)
Tissue homogenization tubes, 2 mL

Li-Heparin LH/1.3 coated vials (plasma
extraction)

2.2 Chemicals and reagents

Omnican®F, 0,30 x 12 mm / G 30 x 1/2",
B. Braun, Melsungen, Germany,
#9161502

Discofix®, B. Braun, Melsungen,
Germany, # 4095111

Precellys Peglab VWR, Darmstadt,
Germany, #BERTKT03961-1-4052
Sarstedt, Nimbrecht, Germany,
#41.1393.005

Solutions of chemicals and reagents listed below were prepared with ultrapure Milli-Q

water prepared from an ultrapure water system (Merck Millipore) unless otherwise stated

in the Methods section.

Chemical/reagent.
2.3-Butanedione monoxime (BDM)

2-Mercaptoethanol, 299.0 %

2-Methyl-2-butanol (tert-amyl alcohol),
ReagentPlus®, 99.0 %
2,2,2-Tribromoethanol, 97 %

[2,8-3H]-adenine, 1mCi (37 MBa)
3-Isobutyl-1-methylxanthin (IBMX)
Acetonitrile LC-MS Chromasolv®

L-adrenaline (Suprarenin®) ampulla
2MG/20mL

Agarose Roti®garose

Ampbhotericin B, solubilized, from
Streptomyces sp.

Anion exchange resin, analytical grade,
100-200 pm mesh, chloride form
K-aspartate (L-aspartic acid potassium
salt) puriss. p.a., 299 %

Company and order-no.
Sigma-Aldrich, Steinheim, Germany,
#B0753-100G

Sigma-Aldrich, Steinheim, Germany,
#M6250-10ML

Sigma-Aldrich, Vienna, Austria, #
152463-250ML

Sigma-Aldrich, Vienna, Austria, #T48402-
25G

PerkinElmer, Rodgau, Germany,
#NET063001MC

Sigma-Aldrich, Steinheim, Germany,
#15879-100MG

Fluka Analytical Sigma-Aldrich, Seelze,
Germany, #3467-1L

Fresenius Kabi, Graz, Austria #1-21272

Carl Roth, Karlsruhe, Germany, #3810.3
Sigma-Aldrich, Steinheim, Germany #
A9528-50MG

AG®1-X8 , BioRad VWR, Darmstadt,
Germany #1401441

Fluka Analytical Sigma-Aldrich, Seelze,
Germany, #11230-100G-F
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Caffeine

CaCl,*2H,0
Creatine

Diethyl pyrocarbonate (DEPC) water
Dimethylsulfoxid (DMSO)

Dulbecco’s Modified Eagle’s Medium
(DMEM), serum-free

DNA ladder

DNA loading dye, 6x

dNTPs (10 mM each)

DPBS +CaCl, +MgCl; (for iPSC culture)

EB2

EB20

Ethylenediaminetetraacetic acid (EDTA)
Efsevin

EGTA (299 % p.a.)

Fetal bovine serum (FBS)

Fibronectin from bovine plasma

Fluo-4, AM ester

Forskolin (FSK)

(Glacial) acetic acid, 100 % Ph.Eur. reinst
L-Glucose

L-Glutamic acid potassium salt

HBSS

HCl Rotipuran®, 37 %

Sigma-Aldrich, Vienna, Austria, #C0750-
100G

Carl Roth, Karlsruhe, Germany, #5239.1
Sigma-Aldrich, Steinheim, Germany,
#C0780-50G

Sigma-Aldrich, Steinheim, Germany,
#40718

Carl Roth, Karlsruhe, Germany, #4720.2
Sigma-Aldrich, Steinheim, Germany,
#D6546

Gene ruler 1 kb, Thermo Fisher Scientific
GmbH, Dreieich, Deutschland, #SM0311
Thermo Fisher Scientific GmbH, Dreieich,
Deutschland, #R0192

dNTP mix, Thermo Fisher Scientific
GmbH, Dreieich, Deutschland, #R0611
Sigma-Aldrich, Steinheim, Germany,
#D8537-500ML

media provided by Klinikum Rechts der
Isar TUM, Germany (for exact
composition see Methods section)
media provided by Klinikum Rechts der
Isar TUM, Germany (for exact
composition see Methods section)

Carl Roth, Karlsruhe, Germany, #8043.3
synthesized by Ohyun Kwon, Dept. of
Chemistry and Biochemistry, UCLA, Los
Angeles, USA

Carl Roth, Karlsruhe, Germany, #3045.2
Gibco® Thermo Fisher Scientific,
Schwerte, Germany, # 10270
Sigma-Aldrich, Steinheim, Germany,
#F1141-2MG

Life technologies, Thermo Fisher
Scientific, Ober- Olm, Germany, #F14201
Sigma-Aldrich, Steinheim, Germany,
#F6886

Carl Roth, Karlsruhe, Germany, #6755.2
Carl Roth, Karlsruhe, Germany, #X997.2
Sigma-Aldrich, Steinheim, Germany,
#118K0181

Gibco® Thermo Fisher Scientific,
Schwerte, Germany, #14170

Carl Roth, Karlsruhe, Germany, #4625.1
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Heparin sodium salt
HEPES
Imidazole

Isoflurane (anesthesia before cervical
dislocation)

Isoflurane (ECG anesthesia)
Isoprenaline hydrochloride

Isopropyl alcohol, 70 %

Kaempferol (in vitro studies)
Kaempferol (/n vivo studies) >99.0 %,
analytical standard

KCl

KH2PO,4

KOH

D-Mannitol

MgCl,
MgCl*6H.0 >99.0 %

MgSO4*7H,0, EMSURE®

NaCl

NazHPO4*7H20

NaOH, pellets

Nuclease-free H.O

Polyethylen glykol 400
Pluronic® F-127
(x)-propranolol hydrochloride
RotiSafe® DNA staining reagent
Rotiszint® eco plus

Ruseo

Saline 0.9 % (“Fresenius-Infusionslésung”)

Sodium metabisulfite, Reag. ACS

Taurine

Carl Roth, Karlsruhe, Germany, #7692.2
Carl Roth, Karlsruhe, Germany, #HN78.2
Sigma-Aldrich, Steinheim, Germany,
#56750-100G

Baxter, UnterschleiBheim, Germany,
#12K/19435

Baxter, Vienna, Austria, #12K/15B25H33
Sigma-Aldrich, Steinheim, Germany,
#15627-5G

provided by Anstaltsapotheke
Landeskrankenhaus Graz, Graz, Austria
Sigma-Aldrich, Steinheim, Germany,
#K0133-10MG

Sigma-Aldrich, Steinheim, Germany,
#96353-10MG

Carl Roth, Karlsruhe, Germany, #6781.1
Carl Roth, Karlsruhe, Germany, #3904.2
Sigma-Aldrich, Steinheim, Germany,
#60377

Sigma-Aldrich, Steinheim, Germany,
#63559

Carl Roth, Karlsruhe, Germany, #KK36.2
Sigma-Aldrich, Steinheim, Germany,
#M2670-1KG

Merck, Darmstadt, Germany, #105886
Carl Roth, Karlsruhe, Germany, #3957.1
Riedel-de Haén AG, Seelze, Germany,
#04274

Carl Roth, Karlsruhe, Germany, #6771.1
Qiagen, Hilden, Germany, #129114
Carl Roth, Karlsruhe, Germany, #0144.1
Sigma-Aldrich, Steinheim, Germany,
#P2443-250G

Sigma-Aldrich, Steinheim, Germany
#P0884-5G

Carl Roth, Karlsruhe, Germany, #3865.1
Carl Roth, Karlsruhe, Germany, #0016.4
Calbiochem, Merck Millipore, Darmstadt,
Germany, #557440

Fresenius Kabi, Graz, Austria
#PKO3XEO10D6

Sigma-Aldrich, Steinheim, Germany
#31448

Carl Roth, Karlsruhe, Germany #4721.2
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Trichloroacetic acid (TCA), ACS reagent,
>99.0 %
TRIS Pufferan® >99.0 %, p.a.

23 Enzymes

Chemical/reagent
Accumax™ cell detachment solution

Collagenase II, 298 U/mg
DirectPCR® Lysis Reagent Tail

GoTaq G2 HotStart Green Master Mix
Liberase™

Phusion High-fidelity DNA polymerase,
2U/mL

Proteinase K, recombinant, PCR grade,
>600 U/mL

2.4 Oligonucleotides

Primers
mRyR2 fwd
mRyR2 rev

25 Kits
Kit
NucleoSpin® gel and PCR clean-up

RevertAid First Strand cDNA Synthesis Kit

Sigma-Aldrich, Steinheim, Germany,
#T6399
Carl Roth, Karlsruhe, Germany #4855.2

Company and order-no.

Chemicon® Millipore Merck KGaA,
Darmstadt, Germany, #SCR006
Worthington, Troisdorf, Germany,

#40N12244

Peglab VWR, Darmstadt, Germany, #31-
101-T

Promega, Mannheim, Germany, #M7423
Roche Diagnostics Sigma-Aldrich,
Steinheim, Germany, # 05401151001
Thermo Fisher Scientific GmbH, Dreieich,
Germany, #F530L

Thermo Fisher Scientific GmbH, Dreieich,
Germany, #£E00491

sequence 5’ - 3’
GAA-TGC-TGG-CCT-TGT-TTG-TT
TAG-GCA-GCT-CCT-TTC-CTT-CA

Company and order-no.
Macherey-Nagel, Diren, Germany,
#740609.25

Thermo Fisher Scientific GmbH, Dreieich,
Germany, #K1621
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2.6 Instruments and devices

Instrument
Agarose gel chambers

Amplifier EPC10 (patch clamp)
Analytical scale (chemicals)

Anesthesia vaporizer (part of ECG setup)

Blunt needle 19G (heart cannulation)

Body temperature controller and rectal
probe (part of ECG setup)

Centrifuge

CO: incubator

Confocal microscope
Electronic pipettor

Electrophoresis Power Supply
Fine Scissors

Fine Scissors

Forceps

Forceps

Forceps

Gel documentation darkhood

Glass cylinder (part of cardiac perfusion
setup)

Hydraulic pump

Name and company

PerfectBlue™ horizontal mini gel
systems, VWR, Darmstadt, Germany
HEKA Elektronik Dr.Schulze, Lamprecht,
Germany

Mettler Toledo XS205 Dual Range,
GieBen, Germany

Combi-vet® Base Anesthesia System
Digital Flowmeter 0.3 - 16 lpm 02,
Rothacher Medical GmbH, Heitenried,
Switzerland

Custom-made from 19Gx1 %2
intramuscular needle, B. Braun,
Melsungen, Germany #4657799
TC-1000 mouse, Cwe incorporated,
Ardmore, PA, USA, #08-13000

Heraeus Megafuge 16R, Thermo Fisher
Scientific GmbH, Dreieich, Germany
HeraCell 150i, Thermo Fisher Scientific
GmbH, Dreieich, Germany

TCS SP5, Leica, Wetzlar, Germany

BD Falcon Express Pipet-Aid, BD
Biosciences, Heidelberg, Germany
EPS301, GE Healthcare, Munich, Germany
ToughCut® Scissors, Fine Science Tools,
Heidelberg, Germany, #14558-11

Fine Iris Scissors, Fine Science Tool,
Heidelberg, Germany, #14094-11
Standard pattern forceps, Fine Science
Tools, Heidelberg, Germany, #11000-14
Angled forceps, S&T JFA-5b, Fine Science
Tools, Heidelberg, Germany

Hooked forceps, Hauptner & Herberholz,
Solingen, Germany, #07700.000
BioDocAnalyze, Biometra, Gottingen,
Germany

Custom-made by Peter Mann, Walther
Straub Institute of Pharmacology and
Toxicology, Munich, Germany

Minipuls 2, Gilson, Limburg an der Lahn,
Germany
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Hypodermic needle, 1 mL

Ice machine

Isolated input amplifier (part of ECG
setup)

Stereo-Microscope (heart cannulation)

Microscope (cell culture)

Microscope (patch clamp)
Magnet stirrer

Objective (patch clamp)

Oil immersion objective (confocal
microscope)

Osmometer

pH meter

Pacing electrodes (attached to
stimulator)

Patch pipette puller
Reference electrode (patch clamp)
Scale (mouse, hearts)

Scintillation counter
Spectrophotometer

Steam sterilizer

Sterile-working bench

Shearing machine (depilation of mice)
Stimulator

Syringe (heart cannulation), 1 mL

Omnican®F, B Braun, Melsungen,
Germany, #9161502S

Scotsman AT100, Sprockhovel, Germany
Animal Bio Amp FE136, AD instruments,
Oxford, UK

Stereo-Zoom Expert-Boom-B, Miiller
Optronic, Erfurt, Germany

Nikon Eclipse TS100, Dusseldorf,
Germany

IX70 Olympus, Hamburg, Germany

MR Hei-Standard, Heidolph, Schwabach,
Germany

LCPlanFl, 40x/0.60 Ph.2, Olympus, Tokyo,
Japan, # 1-UB347

HCX PL APO CS 63x/1.40 Qil CS2, LEICA,
Wetzlar, Germany, # 15506372

Vapro® vapor pressure osmometer 5520,
Wescor Kreienbaum Wissenschaftliche
MefBsysteme e. K., Langenfeld, Germany
FiveEasy™ FE20, Mettler Toledo, GieRen,
Germany

Custom-made by Peter Mann, Walther
Straub Institute of Pharmacology and
Toxicology, Munich, Germany

DMZ Universal electrode puller WZ,
Zeitz-Instruments Vertriebs GmbH,
Martinsried, Germany

Custom-made

Kern SB, Kern & Sohn GmbH, Balingen,
Germany

WS1414, PerkinElmer, Rodgau, Germany
Nanodrop 200C, Thermo Fisher Scientific,
Dreieich, Germany

Varioclav, H+P, Oberschleissheim,
Germany

Herasafe™, Heraeus Thermo Fisher
Scientific, Dreieich, Germany

Aesculap® Isis GT-608, B.Braun VetCare,
Suhl, Germany

S48 square pulse stimulator, Grass
Technologies, Warwick, RI, USA
Injekt®-F Solo syringe, B. Braun,
Melsungen, Germany, #9166017V
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Table centrifuge

Thermal cycler

Temperature controller with rodent rectal
temperature probe (control of murine
body temperature)

Thermomixer

Thermostatically regulated heating pad
(mouse ECG)

Tissue homogenizer

Ultrapure water system

Vortex mixer
Water Bath (cell culture)
Water Bath equipped with circulation

thermostat (part of cardiac perfusion
setup)

27 Software

Software
BioDoc Analyze
GENtle, version 1.9.4

Graph Pad prism, version 7.0
Image J, version 1.49b

LAS AF version 2.7.3.9723
Lab Chart version 7.0
PatchMaster v2x80

pClamp 10.4

Heraeus Fresco 17, Thermo Fisher
Scientific, Dreieich, Germany
C1000 Touch™ cycler, BioRad,
Darmstadt, Germany

TC-1000 Mouse, Cwe incorporated,
Ardmore, PA, USA, #08- 13

JS1 Thermo Shaker, Biometra, Gottingen,
Germany

Heat therapy temperature pad, Harvard
Apparatus, Boston, MA, USA, #60-3420
Precellys® 24, Peglab VWR, Darmstadt,
Germany

Milli-Q Gradient with Q-guard® 2
purification pack, Merck Millipore,
Darmstadt, Germany

Corning LSE, Sigma-Aldrich, Taufkirchen,
Germany

Lauda AL12, Lauda Dr. R. Wobser GmbH
& Co. KG, Lauda-Konigshofen, Germany
MP-5, Julabo, Seelbach, Germany

Name and company
Biometra, Gottingen, Germany

open source, Magnus Manske, University of

Cologne, Germany, downloaded from:
http://gentle.magnusmanske.de

GraphPad Software Inc,, San Diego CA, USA

open source, Wayne Rasband, NIH,
Bethesda, MD, USA, downloaded from:
https://imagej.nih.gov/ij/download.html

Leica, Wetzlar, Germany
AD instruments, Oxford, UK
HEKA Elektronik Dr. Schulze, Lamprecht,
Germany

Molecular Devices LLC, CA, USA


http://gentle.magnusmanske.de/
https://imagej.nih.gov/ij/download.html
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3. METHODS

31 Arrhythmia models
3.11 Murine RyR2R4495¢/WT CPVT model

Mice harboring the RyR2-R4496C mutation which is analogous to the human CPVT-associated
RyR2-R4497C mutation'®'?°, were kindly provided by Silvia G. Priori (IRCCS Salvatore Maugeri
Foundation, Pavia, Italy) and continuously bred in the animal facility of the Walther Straub
Institute of Pharmacology and Toxicology of the Ludwig Maximilians University of Munich for
in vitro experiments or the Zentrum fir medizinische Grundlagenforschung of the Medical
University of Graz for /n vivo experiments. Heterozygous mice were crossbred with C57BL/6N
WT mice (either purchased from Charles River Laboratories GmbH, Sulzheim, Germany or bred
in our own facility) to obtain an equal ratio of heterozygous RyR2**%*“WT mice and RyR2W/WT
control animals. Breeding in an air- and humidity-controlled animal husbandry under 12 hours
(h) light-dark cycles with access to food and water ad libitum was performed in accordance
with national and European ethical regulations (Directive 2010/63/EU) and both breeding

facilities are approved by the responsible government agency.

3.1.2 Human iPSC-derived CPVT models

Induced pluripotent stem cells (iPSCs) carrying a RyR2**®®“"WT mutation were obtained from a
24-year-old caucasian female CPVT patient and have been characterized before'’. In contrast,

CPVTUnknown ipSCs were procured from a 60-year-old male donor carrying a yet unidentified
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mutation that could not be identified by screening of common CPVT-related genes. Cells
generated from a 32-year-old female caucasian without history of cardiac disease undergoing
plastic surgery served as a healthy control. Human iPSC generation via reprogramming of
primary skin fibroblasts and cardiomyocyte differentiation was done by Dr. Lisa Dreizehnter in
the laboratory of our collaboration partners Prof. Alessandra Moretti and Prof. Karl-Ludwig
Laugwitz at Klinikum Rechts der Isar as described previously''® In brief, dermal-biopsy
specimens were morcellated and applied to culture dishes. Fibroblasts having migrated out of
the explants were passaged twice and transduced with retroviruses to transfer a construct
encoding human transcription factors OCT4, SOX2, KLF4 and c-MYC and cultured on murine
embryonic feeder cells until iPSC colonies were pickable. The cells were cultured on low-
attachment plates in order to differentiate and aggregate into embryonic bodies which were
plated on gelatin-coated dishes at day 7. Between days 20 and 30, areas exhibiting
spontaneous contraction indicating cardiac differentiation, were microdissected, plated on
fibronectin-coated dishes and maintained in culture in EB2 differentiation medium (DMEM-F12
supplemented with 50 U/mL penicillin, 50 mg/mL streptomycin, 2 mM L-Glutamin, 0.1 mM
MEM non-essential amino acids solution, 0.1 mM B-mercaptoethanol) containing 2 % FBS for
3-12 months. For Ca?* signaling experiments, cell culture dishes with beating explants were
transferred to our laboratory, further cultured at 37°C and 5 % CO, and medium was exchanged
once per week. To obtain single cells, cell clumps were dissected using the sharp tip of a
hypodermic needle and up to 10 explants were pipetted into a reaction tube containing 800
uL EB2 medium. Afterwards, microdissected areas were washed twice with 500 uL HBSS. For
enzymatic dissociation, collagenase II was dissolved in HBSS at 1.5 mg/mL just prior to the

procedure and 250 pL of the enzyme solution was added to the explants. The enzymatic
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digestion was performed for 1 h at 37°C and 700 rpm. Depending on the degree of dissociation,
up to 4 further digestion steps with collagenase, for a maximum of 30 min each, were
performed. Subsequently, remaining cell clumps were subjected to a 5 min digestion step with
Accumax™ in DPBS. During all dissociation steps, the supernatant containing single iPS cells
was transferred into a falcon tube containing 5 mL of EB20 differentiation medium containing
20 % FBS. Afterwards, cells in EB20 medium were centrifuged for 5 min at 200 g at room
temperature (RT). Single cells were resuspended in 200 yL EB2 medium per dish and plated on
glass bottom dishes coated with a 10 % fibronectin solution in DPBS supplemented with 0.90
mM CaCl, and 0.49 mM MgCl, at 200 uL per cm? for at least 16 h. After a minimum incubation
time of 8 h, EB2 medium was aspirated, 2 mL of EB20 medium were added and cells were used

for further experiments after incubation at 37°C and 5 % CO, for approx. 7 days.

3.2 Molecular Biology procedures
3.21 Genotyping of RyR2-R4496C mice

Tail clips of mice were taken between day 18 and 21 after birth and stored at -20°C until
genotyping. 150 pL DirectPCR® Lysis Reagent Tail with 0.3 mg/mL (w/v) proteinase K were

2 R4496C/WT

added per tail biopsy specimen of RyR mice and samples were incubated in a
thermomixer at 55°C and 700 rpm for 16 h. Afterwards, the temperature was increased to 85°C
for 45 min for inactivation of the reaction. The samples were then spun in a table centrifuge
for 1 min at 17000 g to remove debris and supernatants containing genomic DNA were

subjected to polymerase chain reaction (PCR) for genotyping. PCR primers were diluted to 100

pmol/uL in nuclease-free H,O upon reception. For genotyping of RyR2*#“WT mice, 1 uL of
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tail lysis supernatant was added with 0.5 pM RyR2 fwd and rev primers and amplified by
GoTag® G2 Hot Start polymerase. Cycling conditions were 95°C for 5 min, 35x [95°C for 30 s,
55°C for 30 s and 72°C for 1 min 20 s] followed by 72°C for 7 min. Subsequently, PCR products
were analyzed on a 1.5 % agarose gel by electrophoresis. WT RyR2 yields one band of 800 bp
whereas the mutant allele yields two bands of 800 and 1000 bp for heterozygous mice. DNA
fragments were separated electrophoretically on horizontal agarose gels. Therefore, agarose
was dissolved in 1x TAE buffer (in mM): 0.8 TRIS, 0.4 acetic acid, 0.04 EDTA, pH=8.0 with NaOH
containing 8 uL/100 mL RotiSafe® DNA staining reagent. No further treatment was necessary
for loading RyR2-R4496C genotyping PCR reactions in GoTaq® G2 HotStart Green Master Mix.
Samples were loaded into gel pockets and the gel was subsequently run at 10 V/cm electrode
distance in 1x TAE buffer. The size of murine DNA samples was determined with 1 kb gene

ruler and fragments were visualized and documented upon UV illumination.

3.3 Murine in vitro experiments

3.3.1 Isolation of ventricular cardiomyocytes

2 R4496C/WT

Heterozygous RyR mice and their WT littermates of either sex aged 8-16 weeks were
used for the isolation of ventricular cardiomyocytes. Ventricular cardiomyocytes were obtained
by retrograde perfusion through the aorta using a modified enzymatic digestion protocol after

O’'Connel™®

which I introduced to our laboratory. Following cervical dislocation, the chest was
opened and the heart was quickly excised by cutting the aorta behind the aortic arch. The heart
was arrested in ice-cold cannulation solution (in mM): 135 NaCl, 4.7 KCl, 0.6 KH.PQO,4, 0.6

Na;HPO4*7H,0, 1.2 MgSO4 *7H,0, 10 HEPES, 30 taurine, 10 BDM, 10 glucose, pH=7.46 with
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NaOH supplemented with 1 mM CaCl, and 10 IU/mL heparin and weighed before being
cannulated. Since the isolation of cardiomyocytes leads to a depletion of taurine, the substance
was added to improve Ca?* tolerance of isolated cardiomyocytes'' whereas BDM was used to
inhibit spontaneous myocyte contracture'® and to protect cardiac tissue from damage by
terminal contracture during dissection'. The heart was attached to a 1 mL syringe with a
suture (Fig. 11a), submersed in and retrogradely flushed with cannulation solution through a
blunted needle inserted into the aorta to remove blood from the coronary vessels. To surely
tie the heart during perfusion, a small groove was milled into the blunted 19G cannula for the
suture T mm away from the blunt tip. Afterwards, the heart was placed on a Langendorff mode
perfusion system (Fig. 11b). A hydraulic pump was used to define the flow rate by which tissue
was retrogradely perfused. Perfusion took place at constant 37°C which was achieved by a
recirculating water bath equipped with a circulation thermostat with 3 mL/min of oxygenated
cannulation solution containing 20 mM creatine for 5 minutes. The addition of creatine is
beneficial for the viability and performance of ventricular cardiomyocytes since creatine is lost

during the isolation procedure'™’

. Afterwards, cardiac tissue was digested for 0.7 s/mg heart
weight by perfusion with Liberase™ dissolved to a final concentration of 0.0375 ug/mL in

creatine-containing cannulation solution added with 12.5 yM CaCl..
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Fig. 10: Heart cannulation and retrograde perfusion of the aorta on a Langendorff mode cardiac
perfusion setup.

(a) The heart was cannulated with the upper image illustrating the blunted 19G cannula with the small
groove (1) for the suture (2) to fix the heart; the lower image shows a murine heart attached to cannula
and syringe shortly before the aorta (Ao) is fixed by the suture. Abbreviations: RA= right atrium, RV=
right ventricle. (b) Schematic overview of the Langendorff mode perfusion setup consisting of a
recirculating water bath to keep the solutions at constant 37°C (A), a hydraulic pump to define the flow
rate by which tissue is perfused and digested (B), a three-way valve to switch from perfusion to digestion
solution (C), a glass cylinder containing 37°C warm water (D) to ensure the correct temperature of the
solutions once they reach cardiac tissue. Part (E) illustrates the murine heart which is tied to the blunted
cannula with an inlay showing an enlarged image of the heart after successful perfusion.

Following a transversal cut under the atria (Fig. 11 (1)), the ventricles were transferred to
cannulation solution containing 12.5 uM CaCl, and 10 % FCS to stop digestion (Fig. 11 (2)) and
tissue was carefully dissected into small pieces (Fig. 11 (3)). After mechanical separation by
trituration, the suspension was filtered through a 200 um polyester mesh (Fig. 11 (4)) and

myocytes were allowed to sediment by gravity for 10 min. This procedure ensures fibroblasts
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to remain in the supernatant with concentration of cardiomyocytes mainly in the pellet. Cells
were then transferred into cannulation solution containing 1.5 mM CaCl; to reintroduce
physiological Ca** concentrations. After an incubation time of 15 min, cardiomyocytes from
the pellet were inspected on an inverted microscope and were only subjected to experiments
if a minimum of 60 % viable cells without excessive spontaneous activity were present after

Ca®* reintroduction.

Confocal microscopy Patch Clamp cAMP assay

Fig. 11: Isolation of murine ventricular cardiomyocytes from the perfused heart.

Following a transversal cut under the atria of the perfused heart (1), cardiomyocytes were being isolated
from the dissected ventricles. Therefore, ventricular tissue was transferred to cannulation solution
containing FCS to stop digestion (2). Subsequently, the tissue was dissected into small pieces,
mechanically separated by trituration (3) and filtered through a polyester mesh (4). Physiological Ca®*
concentrations of 1.5 mM CaCl, were reintroduced to the isolated cardiomyocytes before rod-shaped
cells (see lower image) were subjected to confocal microscopy, patch clamp measurements or cAMP
assays.
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3.311 Confocal Ca* imaging

Confocal Ca** imaging experiments were conducted in murine and iPSC-derived
cardiomyocytes, both of which I introduced to our laboratory. Cardiomyocytes were loaded
with the Ca®* indicator Fluo-4, AM (stored as 1 mM stock in DMSO) at 3 uM in external solution
containing 0.06 % (w/v) Pluronic® F-127 (stored as 20 % stock in DMSQO) under protection
from light for 40 minutes at RT. The external solution consisted of (in mM) 140 NaCl, 4 KCl, 1
MgCl,, 10 glucose, 5 HEPES, 10 BDM, pH 7.4 with NaOH supplemented with 1T mM CaCl; for
murine ventricular cardiomyocytes or 1.8 CaCl, for human iPSC-derived cardiomyocytes
respectively. Staining was followed by incubation in fluo-4 free external solution for 20 minutes
to allow de-esterification of the dye. Treatment substances or DMSO as a vehicle were added
to both staining and de-esterification solutions. For B-adrenergic stimulation, a subset of
cardiomyocytes was treated with 1 uM Isoproterenol (Iso) during de-esterification. Blockade of
mitochondrial Ca** uptake via MCU was achieved by treatment of myocytes with 8 pM
Ruthenium 360 (Russo) for 20 min during de-esterification. Field stimulation was performed
using a S48 square pulse stimulator with 5 ms test pulses at 0.5 Hz with 30 V/cm electrode
distance for murine cells or 80V/cm for iPSC-derived cardiomyocytes (approx. 25 % above
threshold level), respectively, to elicit Ca®* transients in fluo-4 loaded cardiomyocytes. Only
excitable cells, quiescent when unstimulated were considered for experiments.

Ca** signals were visualized by confocal microscopy on a TCS SP5 inverted confocal microscope
equipped with a HCX PL APO CS 63x/1.4 oil immersion objective. Fluorescence was excited
with the 488 nm line of an Argon laser at 20 % laser power restricted to 8 % laser intensity
using an acousto-optical transmission filter and emission was collected between 498 and 627

nm. The pinhole diameter was set to 1 Airy Unit. Laser and spectral settings were kept constant
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throughout all experiments with only slight adjustments to the photomultiplier gain to ensure
a dark background and avoid overexposure of the respective image. Line scan series were
generated by continuously recording fluorescence along a line spanning the entire myocyte
longitudinally to record triggered Ca®* transients, propagating spontaneous Ca?* waves and
spontaneous Ca** sparks. Recordings lasted for 2 min at a sampling rate of 400 Hz with a
resolution of 512 pixels. Images were analyzed in Leica Application Suite Advanced
Fluorescence. For further analysis of kinetics of murine systolic Ca®* transients, average
fluorescence of every single line was extracted and plotted against time in a csv file and
imported into pClamp 10.4 software. The amplitude of the Ca®* transient was expressed as
AF/F0, the activation time as time to peak (ttp) and Ca®* clearance from the cytosol was
analyzed by calculating the inactivation constant tau (tauinac) of @ monoexponential fit of the
decay phase of the Ca®* transient.

Spontaneous Ca®* sparks were measured under identical conditions as Ca** waves albeit in
unstimulated cardiomyocytes at a scanning speed of 200 Hz and analyzed using the
SparkMaster plugin in Image)™. SparkMaster was run with a value of 5 for background
fluorescence [Fl.U.] and 3.8 as the hypothetical value “criteria” determining the threshold factor
for the detection of sparks above the noise level of the image. Parameters were kept constant
for all images. The extended kinetics mode was enabled. For the output image, the number of
intervals was set to 3 and the option raw + sparks was chosen whereby the input image
remained unchanged and detected spark regions were automatically marked and numbered.
Pixelsize [um] was calculated as follows: image width [um] / 512. Each detected spark was
analyzed for amplitude expressed as AF/FO, full width at half-maximum amplitude (FWHM), full

duration at half-maximum amplitude (FDHM), full width, full duration, ttp and exponential time
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constant of the spark decay (taudecay). If more than one spark per observed area (one below or
in juxtaposition to the other) were suggested as one single spark by SparkMaster, all output
values were excluded from further analysis. Since all investigated conditions were equally
affected by the misinterpretation of spatially narrow clustered sparks as one single spark, these
Ca®* events were not listed in the evaluation as one or the counted number of real sparks. In
case an observation window to wide for the spark was generated, parameters of length (full
duration and FDHM) were still collected if applicable. Sparks with the amplitude as their only
usable parameter were not incorporated into the kinetics analysis but counted to determine

spark frequency.

3.3.1.2 cAMP accumulation assay

For evaluation of intracellular cAMP levels as a measure of changes in f-adrenergic signaling,
ventricular myocytes of RyR2*%“WT mice were isolated as described above and stored in
serum-free DMEM until just before the assay. cAMP assays were performed by Dr. Andreas
Breit at the Walther Straub Institute of Pharmacology and Toxicology, Ludwig Maximilians
University of Munich (LMU). RyR2R*#¢“WT cardiomyocytes were labeled with 2 uCi/mL of
[*H]adenine for 4 h in DMEM at 37°C, washed and treated with 10 uM efsevin, 100 nM Iso or 1
MM propranolol respectively for 30 min at 37°C. To block degradation of cAMP by
phosphodiesterase, 1 mM 3-Isobutyl-1-methylxanthin (IBMX) was concurrently added to the
aforementioned mixtures. 5 uM Forskolin (FSK) increasing intracellular cAMP levels served as a
positive control. The reaction was stopped by aspiration of the medium and addition of 500 pL
ice cold 10 % TCA. Subsequently, [*H]JcAMP and [*H]ATP were separated by sequential

chromatography on cation exchanger dowex and neutral alumina columns which were pre-
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packed with different amounts of AG®1-X8 anion exchange resin. Dowex columns were
activated with 10 mL 1M HCI, washed with 10 mL H,O thereafter and alumina columns were
washed with 10 mL 0.1M imidazole. Cell extracts were loaded onto dowex columns, washed
with 4 mL H,O, placed onto alumina columns and eluted with 10 mL H,O. Alumina columns
were washed with 1 mL imidazole, placed onto scintillation vials and eluted with 5 mL
imidazole. Afterwards, scintillation vials containing the eluates were filled with 12 mL
scintillation fluid. PH]JATP and *[H]JcAMP were quantified in a scintillation counter and the

accumulation of [PH]JcAMP was expressed as the ratio of [P H][cAMP/ (*H]cAMP + [*H]ATP).

3.3.13 Electrophysiology

Spontaneous arrhythmogenic APs, EADs and DADs were examined in RyR2R#96C/WT
cardiomyocytes by patch-clamp recordings in the current clamp mode using an EPC10.
Together with Prof. Michael Mederos y Schnitzler, I established these measurements in
RyR2RHEMT cardiomyocytes at Walther Straub Institute. After isolation, cardiomyocytes were
immediately placed in “Kraftbrihe” (KB) medium modified from Isenberg & Kléckner
containing (in mM): 65 K-glutamate, 45 KCl, 30 KH2PO4, 3 MgSO4x7H0, 0.5 EGTA, 20 taurine,
10 glucose, pH=7.4 with NaOH to improve Ca** tolerance'®®. Depending on yield and quality
of the preparation, 5-10 pL of cell solution were pipetted into the recording chamber filled with
external solution composed of (in mM): 135 NaCl, 5 KCI, 1 CaCl;*2H,0, 1 MgCl,*6H,0, 10
HEPES, 10 glucose, pH=7.4 with NaOH. The solution was adjusted to 290 mOsmol/L with
Mannitol. A temperature-controlled superfusion was used to maintain the temperature of the
bath solution at 35 + 2°C. Cells were viewed on an inverted Olympus IX70 microscope equipped

with a LCPlanFl, 40x/0.60 Ph.2 objective. Patch pipettes had a resistance of 2-8 MQ when filled



78

with the pipette solution composed of (in mM): 30 KCl, 110 K-aspartate, 1 MgCl, 10 HEPES, 0.1
EGTA, pH=7.2 with KOH, adjusted to 300 mOsmol/L with Mannitol. An average of 5 min
exposure to 900 pg/uL Amphotericin B was sufficient to achieve a perforated patch clamp
configuration. Only cardiomyocytes with a membrane potential lower than -60 mV and where
series resistance was <20 MQ were further analyzed. Prior to recordings, a single stimulus of 1
nA amplitude and 2-4 ms duration was applied and only cells reacting to that test stimulus
with a physiological AP were considered for the experiment. Membrane potential was sampled
at 20 kHz, low-pass filtered at 2 kHz and corrected for the liquid junction potential of +13.8
mV. APs were evoked by depolarizing intracellular current injections of 1 nA amplitude and 2-
4 ms duration with repetitive trains of 10 stimuli at a frequency of 0.5 Hz followed by a 60 s
pause to detect potentially arrhythmogenic APs or DADs during this diastolic phase. Iso and
Iso + efsevin-containing external solutions were washed in through continuous perfusion
during the experiment. Conditions of catecholamine stress and efsevin administration under
Iso were each washed in 5 s before the end of the preceding sweep. Each solution reached the
bathing chamber after a 15 s passage through the perfusion setup. The residual 50 s remaining
of the subsequent sweep following wash-in served as a reaction time for cells to every new
condition and was excluded from analysis. During all three conditions, cardiomyocytes stayed
attached to the patch pipette under continuous perfusion for a minimum of 15 min up to over
1 h. Only recordings from cells being properly attached to the pipette during all three
conditions with at least one sweep per condition were considered for analysis. Analysis
comprised only sweeps where a minimum of 8 of 10 stimuli led to a systolic AP and only
depolarizations of an amplitude equal to or above +100 mV were counted as APs. Patch clamp

recordings were displayed as voltage changes [mV] over time [ms]. APs as well as spontaneous
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diastolic DADs of amplitudes greater than or equal to 5 mV as well as EADs during phase 2 or
3 of the AP were analyzed with PatchMaster v2x80 software. For further evaluation of resting
membrane potential (RMP), AP amplitude, AP duration of triggered APs at 50 % (APDsg) or 90
% (APDgo) of repolarization, respectively, single sweeps were exported as ASCII files and

analyzed in pClamp 10.4 software.

3.4  Murine in vivo experiments
3.4.1 Drug administration via osmotic minipumps

RyR2RH“EMT mjce of either sex at an age of 8-12 weeks were treated with MiCUps through
1003D or 1007D osmotic minipumps. /nn vivo drug administration experiments including murine
ECG evaluation were conducted together with Prof. Simon Sedej at Medical University of Graz,
Austria. Pump implantation was carried out analogously for all substances administered.
MiCUps were dissolved in 50 % DMSO and 50 % PEG-400 before filling of the pump. Pumps
containing only DMSO/PEG-400 served as a vehicle control. Filling of pumps was accomplished
with a small Luer-Lok™ syringe attached to a blunt-tipped 27G filling tube. To achieve sterility
of the respective solutions, a 0.22 ym Millex-GV filter was interposed between syringe and
filling tube. Implantation surgery was performed under general anesthesia with 0.025 mg/kg
bodyweight (BW) tribromoethanol. For a 1.25 % (w/v) Avertin solution, 1.5 g of tribromoethanol
was added to 0.93 mL 2-methyl-2-butanol and dissolved by stirring under protection from
light. After addition of 118.5 mL PBS, stirring was continued until complete dispersion and the
solution was filtered through a 0.2 um filter. pH of the solution was adjusted to 7.4 and the
solution was stored at -20°C until just before surgery. For determination of the filling volume

and verification of correct filling, pumps were weighed before and after addition of the drug
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solution and a weight difference thereby gives the net volume of the solution loaded. At any
time, the implanteur was blinded to the content administered by the mini-osmotic pumps.
Before implantation, pumps were disinfected with 70 % isopropy! alcohol and primed in 0.9 %
NaCl solution until subcutaneous implantation between scapulae. For the mid-scapular
incision, the animals were positioned on their stomach and subcutaneous tissue was spread by
carefully opening and closing an inserted forceps in order to create a subcutaneous skin
pocket. Pumps were then placed into the pocket (Fig. 12b) with a caudal orientation of the flow
moderator and the wound was closed with non-absorbable suture. Following implantation,
interstitial fluid enters the pump via the semipermeable outer membrane thereby swelling the
osmotic layer (Fig. 12a). This swelling results in a defined compression of the impermeable
inner drug reservoir leading to a strictly rate-controlled drug release of 1 uL/h for 1003D and
0.5 pL/h for 1007D into the local subcutaneous space from where absorption of the compounds
by local capillaries led to systemic administration. Mice were constantly monitored for signs of
pain and distress during and after surgery (Fig. 12¢) and none of the animals died during the
treatment period. Procedures were performed in accordance with national and European
ethical regulations (Directive 2010/63/EU) and approved by the Austrian Federal Ministry of

Science, Research and Economy (BMWFW-66.010/0012-WF/V/3b/2015).
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Fig. 12 Osmotic minipump implantation.

(a) Structure of an Alzet osmotic minipump (drawn after '): once the pump is implanted, the
semipermeable membrane allows fluid from the surrounding murine tissue to enter the osmotic layer.
This influx results in a compression of the impermeable reservoir which displaces the agent from the
pump in a controlled and predetermined rate through the flow moderator. (b) Pump implantation
surgery with a pump (indicated by white arrowhead) being placed subcutaneously between scapulae of
a RyR2R496C/MT moyse. (c) Example of a RyR2R4“4%“WT mouse post-surgery while being monitored for any
signs of pain or distress (white arrowhead indicates location of the pump).

3.4.2 ECG recordings and tissue isolation

To screen for arrhythmia, a single lead ECG was recorded through needle electrodes inserted
subcutaneously into left forelimb and hindlimb (Fig. 13). A third electrode placed on the right
hindlimb served as a grounding. Following induction of anesthesia in a chamber containing 5

% isoflurane, animals were sedated by inhalation anesthesia with 0.5 mL/h isoflurane provided
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by a vaporizer during ECG recordings. Body temperature was maintained at 37°C by a
thermostatically regulated heating pad and was continuously controlled by a rectal
thermometer. At day 8 of drug administration for 1007D and at day 3 for 1003D pumps, a
baseline ECG was recorded until steady-state was reached for an average of 8 min, after which
mice were injected intraperitoneally (IP) with 2 mg/kg BW L-adrenaline and 120 mg/kg BW
caffeine. Thereafter, animals were continuously monitored for episodes of ventricular
tachycardia to occur for up to 23 min before mice were sacrificed at the end of the experiment.
Immediately thereafter, blood was collected post-mortem from murine heart and total blood
was separated by centrifugation for 20 min at 4°C and 6000 g for extraction of blood plasma
which was stored at -80°C. Heart and liver tissue were excised, snap-frozen in liquid nitrogen
and stored at -80°C until tissue lysis. Tissue harvesting was amended by removal of adipose
tissue in the run with 1003D pumps. The tissue distribution and concentration of efsevin in
different murine tissues and blood plasma was examined by Nathan Dupper and Dr. Oyun
Kwon (Department of Chemistry and Biochemistry, UCLA, Los Angeles, USA). For determination
of efsevin in heart, liver and adipose tissue, the respective tissue was lysed and added with 4
mL DEPC water per g of frozen tissue, transferred into tissue homogenization tubes containing
6 ceramic beads each and placed into a Precellys homogenizer. Lysates and blood plasma
samples were then diluted 1:4 with acetonitrile for deproteinization, vortexed for 10 min, spun
down for 5 min at 10°C and 5000 rpm and the supernatant was transferred to UCLA on dry ice.
The concentration of efsevin was obtained by liquid chromatography-mass spectrometry,
namely with an Applied Biosystems-MDS Sciex 4000 Q Trap equipped with a Shiseido C18
column coupled with a triple quadrupole Waters TQD mass spectrometer. Previous tests with

efsevin at UCLA showed a mean 90 % recovery rate of the analyte, with a good reproducibility
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(CV % = 29 %, n = 6, at 500 pg/L). The limit of detection at a signal-to-noise ratio of 3

amounted to 30 ng/L.

Fig. 13 Single lead ECG setup in anesthesized mouse for the detection of arrhythmia.

A single lead ECG was recorded through needle electrodes inserted subcutaneously into left forelimb
(electrode 1, red) and hindlimb (electrode 2, black). A third electrode placed on the right hindlimb served
as a grounding (green). During ECG recordings, animals were sedated by inhalation anesthesia with 0.5
mL/h isoflurane provided by a vaporizer. Body temperature was maintained at 37°C by a thermostatically
regulated heating pad and was continuously controlled by a rectal thermometer (blue). The white
arrowhead indicates the location of the osmotic minipump. A baseline ECG was recorded until steady-
state was reached, after which mice were injected intraperitoneally with 2 mg/kg BW L-adrenaline and
120 mg/kg BW caffeine and continuously monitored for episodes of ventricular tachycardia.



84

3.5 Statistical analysis

Data are presented as mean + SEM. Normality was assessed by Shapiro-Wilk test and the
significance of differences between treatment groups was statistically evaluated with the
respective test in GraphPad as outlined below. In case of a normal distribution of data, more
than two unpaired treatment groups with equal variance were analyzed with two-way analysis
of variance (ANOVA) combined with Tukey’s multiple comparisons test. For more than two
groups with unpaired, normally distributed data with unequal variance or for data which are
not normally distributed, Kruskal-Wallis test was employed in combination with Dunn'’s post
hoc test. In case of paired data, statistical analysis was performed with Friedman test. Fisher's
exact test was used for comparison of difference between two treatment conditions in 2x2

contingency tables. Unless otherwise stated, * represents p<0.05, ** p<0.01, and *** p<0.001.
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4. RESULTS

41  Effects of efsevin on diastolic proarrhythmic events in
RyR2R4495CWT myocytes

411 Efsevin suppresses spontaneous Ca? sparks in RyR2R4496¢/WT
cardiomyocytes

Our goal was to investigate the therapeutic potential of enhancing mitochondrial Ca®* uptake
in Ca** overload-induced arrhythmia. To this aim, we used efsevin in a murine model of CPVT1
caused by a mutation in RyR2, exemplary of a Ca®* induced arrhythmia. Arrhythmias originating
from imbalanced cellular Ca®* homeostasis such as CPVT are triggered by an enhanced RyR2-
mediated Ca®* leak''" The most fundamental event of diastolic Ca®* leak underlying
arrhythmogenesis are spontaneous Ca®* sparks. To visualize arrhythmogenic Ca** sparks, fluo-
4 stained murine RyR2M#¢“WT cardiomyocytes (n=3 mice) were subjected to confocal
microscopy (Fig. 14a). As a hallmark of CPVT, B-adrenergic stimulation resulting from stress
situations enhances potentially arrhythmogenic Ca** release events during diastole such as
spontaneous sparks. Consistent with the CPVT phenotype, arrhythmic events rarely occurred
at baseline, but drastically increased after B-adrenergic stimulation with Iso (Fig. 14b). We
observed an augmentation from 1.85+0.26 Ca** sparks x 100 pm™ x s™" (n=50 cells) in vehicle
control to 2.36+0.23 sparks x 100 um™ x s™" in Iso-administered myocytes (n=72 cells; Kruskal-
Wallis test, p=0.067). AF/Fo was 0.56+0.01 under vehicle administration (n= 1934 sparks) and
was significantly increased by Iso to 0.66+0.01 (n= 4383 sparks; Kruskal-Wallis test, p<0.0001).
In contrast, the activation time of Ca®* release (ttp) at 31.96+0.71 ms in vehicle-treated cells

(n= 1307 sparks) was unaltered by Iso at 29.78+0.50 ms (n= 1761 sparks; Kruskal-Wallis test,
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p=0.151). Further, Iso administration resulted in a taudecay of 53.86+1.12 ms (n= 1774 sparks)
which was significantly accelerated compared to 63.28+1.59 ms in vehicle-treated cells (n=
1332 sparks; Kruskal-Wallis test, p<0.0001). This led to a spatial and temporal restriction of
sparks. Iso limited spatial expansion of sparks to a full width of 3.56+0.04 um (n= 2306 sparks)
as compared to 3.93+0.05 uym in vehicle-treated myocytes (n= 1450 sparks; Kruskal-Wallis test,
p<0.0001). The same effect could be observed for FWHM starting at 2.45+0.02 ym under
vehicle treatment (n= 1452 sparks) which was significantly reduced to 2.22+0.02 ym by Iso (n=
2319 sparks; Kruskal-Wallis test, p<0.0001). Local expansion was similarly reduced: whereas full
duration amounted to 103.86+1.58 ms (n=1335 sparks) in vehicle-treated cardiomyocytes, an
administration of Iso restricted the temporal expansion of Ca®* sparks to 88.36+1.16 ms
(n=1757 sparks; Kruskal-Wallis test, p<0.0001) Analogously, FDHM was reduced by Iso from
61.44+0.92 ms (n= 1336 sparks) to 55.51+£0.71 ms (n=1755 sparks; Kruskal-Wallis test,
p<0.0001).

Interestingly, efsevin significantly reduced the frequency of Ca®* sparks to 1.59+0.20 sparks x
100 um™" x s (n=47 cells; Kruskal-Wallis test, p=0.049 as compared to Iso) and additionally
diminished the amplitude of sparks to 0.47+0.01 (n= 1511 sparks; Kruskal-Wallis test, p<0.0001
as compared to Iso). Ttp remained unaltered as compared to Iso at 29.73+0.80 ms with efsevin
(n= 778 sparks; Kruskal-Wallis test, p=0.481) whereas taudecay Was further reduced by efsevin
to 48.67+1.68 ms (n= 779 sparks; Kruskal-Wallis test, p<0.0001). Interestingly, the
pharmacological activation of mitochondrial Ca** uptake led to an additional significant spatial
restriction of sparks. Following application of efsevin, full width of sparks was limited to
3.25+0.05 pm (n= 929 sparks; Kruskal-Wallis test, p<0.0001 as compared to Iso). Analogously,

FWHM was further drastically shortened to 2.08+0.03 um by efsevin (n= 936 sparks; Kruskal-
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Wallis test, p<0.0001 as compared to Iso). Also, efsevin produced a remarkable temporal
restriction of sparks: it further reduced full duration to 82.08+1.56 ms (n= 789 sparks; Kruskal-
Wallis test, p<0.0001 as compared to Iso) and FDHM was further diminished by efsevin to a
value of 51.38+1.02 ms (n= 789 sparks, Kruskal-Wallis test, p<0.0001 as compared to Iso). In
summary, the application of efsevin led to a reduced number of spontaneous Ca®* release

events and the spatial and temporal restriction of sparks.
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Fig. 14 Efsevin reduces spontaneous Ca’* spark frequency in RyR cardiomyocytes and

accelerates decay resulting in a spatial and temporal restriction of individual sparks.
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(a) Representative confocal line scan images including their intensity profiles along the red line from
RyR2R4496CWT cardiomyocytes treated with vehicle, Iso or Iso + efsevin showing spontaneous Ca®* sparks.
(b) B-adrenergic stimulation with Iso induces a slightly higher spark frequency, a significantly higher
amplitude (Kruskal-Wallis test, ****p<0.0001) and drastically accelerates cytosolic Ca®* removal (taUdecay;
Kruskal-Wallis test, ****p<0.0001) leading to narrower (full width; Kruskal-Wallis test, ****p<0.0001) and
shorter (full duration; Kruskal-Wallis test, ****p<0.0001) sparks. The same applied to FDHM (Kruskal-
Wallis test, ****p<0.0001) and FWHM (Kruskal-Wallis test, ****p<0.0001). Application of efsevin
drastically reduced spark frequency (Kruskal-Wallis test, *p<0.05) and amplitude (Kruskal-Wallis test,
****0<0.0001). Following administration of efsevin, full duration (Kruskal-Wallis test, ****p<0.0001),
FDHM (Kruskal-Wallis test, ****p<0.0001), width (Kruskal-Wallis test, ****p<0.0001) and FWHM (Kruskal-
Wallis test, ****p<0.0001) were significantly reduced as compared to treatment with Iso alone. Whereas
Iso slightly accelerated Ca®* sparks (ttp), efsevin exerted no further effect on ttp but significantly
accelerated taugecay (Kruskal-Wallis test, ****p<0.0001) leading to a limited spatial and temporal
expansion of sparks. Numbers in bars indicate the amount of cells or sparks examined, respectively (see
text for details).

4.1.2 Efsevin suppresses spontaneously propagating Ca* waves

Spontaneous Ca®* release events that propagate throughout the entire cardiomyocyte are
termed Ca?* waves'®. Consistent with the CPVT phenotype, potentially arrhythmogenic Ca®*
waves occur particularly under B-adrenergic stimulation resulting from stress situations and
rarely occurred at baseline, but drastically increased after B-adrenergic stimulation with Iso. We

2RMEC/WT myocytes. Repetitive trains of

performed Ca®* wave experiments in fluo-4 loaded RyR
5 ms test pulses at 0.5 Hz for 30 s were followed by a 90 s pause mimicking diastole (Fig. 15a).
While DMSO-administered RyR2**“%*“WT cardiomyocytes (n=8 mice), serving as a vehicle
control, displayed no waves (n=37 cells), Iso application lead to a drastic increase to 0.46+0.09
diastolic Ca** waves x min™' (n=68 cells; Kruskal-Wallis test, p<0.0001). Strikingly, application

of 15 uM efsevin could diminish spontaneous waves to 0.07+0.05 waves x min™' in myocytes

(n=45 cells; Kruskal-Wallis test, p<0.001) (Fig. 15b). Thus, efsevin reduced waves to an amount
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indistinguishable from vehicle (Kruskal-Wallis test, p=0.587). In addition to a reduction of Ca*
waves x min”', administration of efsevin could further decrease the number of cardiomyocytes
presenting with waves (Fig. 15¢). In the absence of B-adrenergic stimulation, vehicle-treated
RyR2R4CWT cardiomyocytes showed no arrhythmogenic Ca?* signals (0/37). Iso induced
waves in 36.77 % (25/68) of the cells (Fisher's exact test, p=0.0001). Promisingly, efsevin could
confine the occurrence of Ca?* waves to a subpopulation of only 4.44 % (2/45) of RyR2R#496C/WT
cardiomyocytes (Fisher's exact test, p<0.0001).

Cardiomyocytes from WT littermates (n=7 mice) not prone to adrenergically-mediated
arrhythmogenesis, served as a healthy control in this experiment and vehicle-treated RyR2"W/WT
myocytes (n=39) displayed no waves. Iso could not induce Ca®* waves standing at 0.12+0.12
waves x min™' in WT cardiomyocytes (n=38 cells; Kruskal-Wallis test, p=0.691). The number of
spontaneous waves was unchanged to 0.022+0.022 waves x min™' by administration of efsevin
(n=43 cells; Kruskal-Wallis test, p=0.706). In absence of the CPVT-causing mutation, RyR2V/WT
cardiomyocytes did not show Ca** waves under baseline conditions (0/39). Accordingly, Iso-

treatment could not induce waves (2.63 % (1/38); Fisher's exact test, p=0.494) and efsevin

completely abolished waves (0/32, Fisher's exact test, p=1.000).
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Fig. 15 Efsevin significantly reduces arrhythmogenic Ca®* waves in RyR2f4%6“WT cardiomyocytes.
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(a) Confocal linescan images and respective intensity plots of murine CPVT and WT cardiomyocytes. The
last five triggered Ca®* transients are shown (black arrowheads). (b) RyR2Y"WT myocytes displayed only
a negligible number of waves under Iso application. In contrast, Iso treatment triggered significantly
more waves in RyR2R%/WT cardiomyocytes (Kruskal-Wallis test, ****p<0.0001) whereas efsevin
drastically abolished waves in these cells (Kruskal-Wallis test, ***p<0.001). (c) Bar graphs illustrate the

percentage of cells presenting with diastolic Ca®* waves. Numbers above the bars represent wave-

2 WT/WT

positive cardiomyocytes of all myocytes examined. RyR cardiomyocytes showed almost no waves

under any tested condition. Whereas Iso drastically increased the amount of wave-positive myocytes
(Fisher's exact test, ***p<0.001), efsevin treatment could significantly restrict diastolic waves to a small
subset of RyR2R*4%/WT cells (Fisher's exact test, ****p<0.0001).

4.1.3 Efsevin reduces spontaneous APs

Provided that a proarrhythmic wave propagates along the cardiomyocyte and activates NCX,
leading to a transient inward current, resulting voltage oscillations have to reach an amplitude
sufficiently large to trigger spontaneous APs'®. Arrhythmogenic electrophysiological events,
namely spontaneous APs, were measured by perforated patch clamp experiments in the
current clamp mode. Analogous to triggered Ca** transients pictured above (Fig. 15a), 10
systolic APs per sweep were evoked by depolarizing current injection followed by a diastolic

phase where spontaneous arrhythmogenic APs were recorded in RyR2R#496/WT

cardiomyocytes
(n =15 cardiomyocytes, n=8 mice) which were sequentially superfused with vehicle, Iso and Iso
+ efsevin. One exemplary sweep for every condition is shown in Fig. 16a. Under vehicle
treatment, cardiomyocytes presented with 1.12+0.62 diastolic APs x min™. The enhanced
propensity for Ca®* waves under B-adrenergic stimulation indeed reflected in an increase in
diastolic APs to 5.76+2.45 x min™' (Friedman test, p=0.018) after superfusion with Iso (Fig. 16b).

Introduction of 15 uM efsevin to the Iso-containing bath solution did effectively reduce

arrhythmogenic events to 0.58+0.34 APs x min™' (Friedman test, p=0.011). Thus, the amount of



93

APs under efsevin was comparable to vehicle-treated cardiomyocytes (Friedman test, p=0.855).
Although not statistically significant, a similar trend was observed for the total number of cells
presenting APs (Fig. 16c). Under control conditions, 40.00 % (6/15) of cardiomyocytes exhibited
diastolic APs. Superfusion with Iso increased this number to 73.33 % (11/15) of cells with APs
(Fisher's exact test, p=0.1394) while administration of efsevin again reduced the occurrence of
APs to 40.00 % (6/15) of myocytes (Fisher's exact test, p=0.1394), comparable to vehicle
treatment. Summarizing the above, efsevin reduced the amount of AP-positive RyR2R44%6</WT

cardiomyocytes with a major reduction of APs x min".
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Fig. 16 Efsevin drastically reduces spontaneous APs in RyR2*4%“/WT cardiomyocytes.

(a) A single cell was consecutively treated with the following three conditions: After initial administration
of vehicle, Iso was washed in followed by an additional wash-in of 15 uM efsevin. One sweep of every
condition is depicted, representative of all 15 cells examined. The last five triggered APs are shown (black
arrowheads). (b) Columns represent the quantification of averaged measurements from 8 mice. Whereas
Iso significantly increased APs x min"" as compared to vehicle (Friedman test, *p<0.05), efsevin wash-in
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resulted in a significant reduction of arrhythmogenic APs x min™' (Friedman test, *p<0.05). (c) Bar graphs
illustrate the percentage of cardiomyocytes presenting with spontaneous APs as part of all myocytes

examined. Numbers above the bars indicate AP-positive myocytes of all cells evaluated. An

2 R4496C/WT

insignificantly enhanced number of Iso-treated RyR myocytes displayed spontaneous APs.

Administration of efsevin reduces APs to a subset of cells according exactly with vehicle treatment.

4.1.3.1 Efsevin had no effect on delayed afterdepolarizations

Propagating Ca®* waves triggered by Ca®* sparks can activate NCX and Ca®* efflux via NCX
during diastole leading to transient inward currents resulting in delayed afterdepolarizations
(DADs)'°. DADs are defined as low amplitude depolarizations that occur after repolarization is
complete, triggering spontaneous APs that ultimately represent the basis of arrhythmia. DADs
as a potentially arrhythmogenic precursor to arrhythmogenic spontaneous APs, were evaluated
from patch clamp experiments mentioned above. Diastolic DADs of amplitudes above or
identical to 5mV during the diastolic phase were examined. Under vehicle conditions,
cardiomyocytes displayed 0.10£0.04 DADs>5mV x min™". Iso did not alter the frequency of
DADs with 0.22+0.09 DADs x min™' (Friedman test, p=0.648) and accordingly, efsevin left DADs
greater than or equal to 5mV x min' unaltered at 0.54+0.30 (Friedman test, p=0.855), an
amount also similar to vehicle (Friedman test, p=0.523). Only a small proportion of DADs >5
mV was present in all treatment groups since a depolarization of this amplitude seems to rather
elicit a spontaneous AP. Hence, only 33.33 % (5/15) of cardiomyocytes exhibited DADs >5 mV
as well as 40 % (6/15) of Iso and 40 % (6/15) of Iso + efsevin-treated cells (Fisher's exact test,

p=1.000).
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Fig. 17 Efsevin leaves DADs > 5 mV unaltered in RyR2R*4%“WT myocytes.

(a) A single cell was consecutively treated with the following three conditions: After initial administration
of vehicle, Iso was washed in followed by an additional wash-in of 15 uM efsevin. One sweep is depicted
with white arrows indicating DADs. The last two triggered APs are shown (black arrowheads). (b) Columns
represent the quantification of averaged measurements from 8 mice. Neither Iso (Friedman test,
p=0.648) nor Iso+efsevin (Friedman test, p=0.855) significantly altered DADs> 5 mV x min™' as compared
to vehicle (c) Bar graphs illustrate the percentage of cardiomyocytes presenting with spontaneous
DADs> 5 mV x min™' as part of all myocytes examined. Numbers above the bars indicate AP-positive
myocytes of all cells examined. The subset of cells presenting with DADs> 5 mV x min™' did not
significantly differ between the treatment groups.

4.1.4 Effects of efsevin on systolic proarrhythmic events in
RyR2R4496C/WT myocytes

4.1.4.1 Efsevin suppresses secondary systolic Ca** elevations

Aside from spontaneous diastolic waves and APs, proarrhythmic events with the potential to

trigger ventricular tachycardia (VT) also exist during systole. Spontaneous systolic Ca®*
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elevations (SSCEs) are arrhythmogenic Ca®* signals that immediately follow a triggered systolic

2%, We examined triggered Ca®* transients from our Ca®* wave experiments

Ca** transien
shown above for the presence of SSCEs as well as the amount of SSCE-positive cardiomyocytes
(Fig. 18a). Hence, the number of mice and cells subjected to the experiment are identical to
4.1.2. The amount of RyR2R9“WT cardiomyocytes with SSCEs (Fig. 18c) were comparable
between vehicle-treatment with 18.91 % (7/37) and Iso-treatment with 28.38 % (21/74; Fisher’s
exact test, p=0.181). In Iso-stressed cells, efsevin was able to significantly reduce the
percentage of SSCE-positive cells to 5.26 % (3/57; Fisher's exact test, p=0.0001 compared to
Iso and p=0.0039 compared to vehicle). In contrast, a considerable number of RyR2R44%6/WT
cells showed SSCEs already under vehicle treatment where efsevin exerted a promising
antiarrhythmic effect. In RyR2R“WT cardiomyocytes, 7.15 % (1.22/17) of all transients
presented with a subsequent SSCE under control conditions (vehicle). Catecholaminergic
stimulation (Iso) did not induce a significant increase in the number of transients with SSCEs,
which amounted to 10.05 % (1.61/16; Fisher's exact test, p=0.613). Interestingly however,
treatment of Iso-stressed RyR2**%°“WT cardiomyocytes with 15 uM efsevin significantly
reduced the number of transients with SSCEs to 1.56 % (0.25/16; Fisher's exact test, p=0.033).
In summary, efsevin not only restricts the number of cardiomyocytes, but also the number of

systolic transients presenting with SSCEs thus exerting an additional, inhibiting effect on

systolic arrhythmogenic events /in vitro.
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Fig. 18 Efsevin reduces spontaneous systolic SSCEs in RyR2R4%/WT cardiomyocytes.

(a) Triggered systolic Ca®* transients (marked by black arrowheads) are shown (normal) some of which
are followed by subsequent SSCEs (lower trace). (b) Columns represent the amount of Ca®* transients
followed by arrhythmogenic SSCEs in [%]. The quantity of transients followed by SCCEs in RyR2R4496C/WT
cardiomyocytes were reduced by treatment with efsevin (Fisher's exact test, *p<0.05). (c) Bar graphs
illustrate the percentage of cardiomyocytes presenting with spontaneous SSCEs of all myocytes
examined. Numbers above the bars represent SSCE-positive cells of all cells examined. Efsevin exerts a

2 R4496C/WT

significant antiarrhythmic effect in RyR cardiomyocytes (Fisher's exact test, ***p<0.001).

4.1.4.2 Efsevin had no effect on early afterdepolarizations

A similar, but not significant tendency was observed for early afterdepolarizations (EADs) in
patch clamp experiments. EADs are spontaneous afterdepolarizations occurring during phase
2 or 3 of repolarization'®. Controversial theories exist about the genesis of EADs. Whereas the
canonical theory states that EADs arise from a Ca** dependent reactivation of LTCCs*"?%,

current studies indicate that SR Ca®* overload might trigger these systolic events?®. Regardless

of the underlying mechanism or whether both versions hold partly true, EADs are known to be
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elicited by Ca** abnormalities and represent a recently added event underlying
arrhythmogenesis in CPVT'™. Further, it is recognized that SSCEs, arrhythmogenic events on
the Ca** level, have the ability to trigger EADs***?%_ As can be appreciated from Fig. 18, we
could demonstrate an antiarrhythmic effect of efsevin on SSCEs. As a consequence, we
investigated whether efsevin reflects its potency to reduce arrhythmogenic Ca®* events on the

electrophysiological level. We examined triggered APs in RyR2R4496/WT

mice (n=8) from patch
clamp experiments mentioned above for the occurrence of EADs. In accordance to what was
observed for SSCE-positive Ca®* transients, Iso treatment did not significantly increase the
number of EAD-positive APs. Under vehicle treatment, 22.26 % (2.48/10) of all APs presented
with EADs comparable to a fraction of EAD-positive APs at 23.34 % (3.00/10) after
catecholaminergic stress (Fisher's exact test, p=1.000). Treatment of Iso-stressed RyR2R#496</WT
cardiomyocytes with 15 uM efsevin did not alter the number of APs + EADs with 13.35 %
(2.00/10) (Fisher's exact test, p=0.097), a number indifferent from that in vehicle-administered
cells (Fisher's exact test, p=0.1358). Likewise, the number of cardiomyocytes presenting with
EADs was not affected by Iso or efsevin. The amount of EAD-positive cells under application of
vehicle with 60 % (9/15) was indistinguishable from a value of 80 % (12/15) under Iso treatment
(Fisher's exact test, p=0.427). Although not statistically significant, there is a clear trend towards
a reduction of cells presenting with EADs following the additional wash-in of 15 uM efsevin:
The percentage of EAD-positive RyR2**¥“WT cardiomyocytes stressed with Iso amounted to

40 % (6/15; Fisher's exact test, p=0.060), a value indifferent from that in vehicle-treated cells

(Fisher's exact test, p=0.466).
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Fig. 19 Administration of efsevin had no effect on EADs.

(a) Triggered systolic APs (marked by black arrowheads) are shown (normal, upper trace) some of which
are followed by subsequent EADs (lower trace). (b) A single cell was consecutively treated with vehicle
and Iso followed by an additional wash-in of 15 uM efsevin. Columns represent the quantification of
averaged measurements from 8 mice. Neither Iso (Fisher's exact test, p=1.000) nor Iso+efsevin (Fisher's
exact test, p=0.097) significantly altered the amount of triggered APs presenting with EADs. (c) Bar
graphs illustrate the percentage of cardiomyocytes presenting with EADs as part of all myocytes
examined. Numbers above the bars indicate AP-positive myocytes of all cells examined. The subset of
cells presenting with EADs did not significantly differ between RyR2R“%“WT myocytes treated with
vehicle and Iso (Fisher's exact test, p=0.427). Although not statistically significant, there is a clear trend
towards a reduction of EAD-positive cardiomyocytes following the additional wash-in of 15 uM efsevin
(Fisher's exact test, p=0.060).
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4.2 Effects of efsevin on triggered systolic events

4.21 Impact of efsevin on systolic Ca? transients in RyR2R4496¢/WT
myocytes

In light of a future clinical application of efsevin it is of utmost importance that antiarrhythmic
properties are not accompanied by any adverse effects on physiological contractions. We
therefore assessed effects of efsevin on systolic Ca®* transients in vehicle- (n=37), Iso- (n= 67)
and Iso + efsevin-treated (n= 50) cardiomyocytes. Whilst suppressing diastolic Ca®* waves,
efsevin did not provoke any severe effects on electrically evoked Ca®* transients of RyR2R44%6</WT
cardiomyocytes (Fig. 20). The amount of Ca®* released from the SR, expressed as AF/Fo, was
substantially increased by Iso from 3.18+0.12 in vehicle-treated myocytes to 3.99+0.10
(Kruskal-Wallis test, p<0.001) and retained unaltered at 3.78+0.11 under efsevin treatment
(Kruskal-Wallis test, p=0.157). Ttp, representing the activation time of Ca®* release, amounted
to 32.85+£1.26 ms in vehicle-treated cells and was significantly accelerated to 26.93+0.62 ms
by Iso (Kruskal-Wallis test, p=0.0001). Application of efsevin led to a moderate deceleration of
ttp to 30.70+1.13 ms (Kruskal-Wallis test, p=0.020). In contrast, no efsevin effect was observed
for Ca®* clearance from the cytosol. Tauiactivation Was significantly reduced from 302.66+15.90
ms at baseline to 170.18+7.17 ms by Iso (Kruskal-Wallis test, p<0.001) and remained unaltered
after administration of efsevin with a tauUinactivation Value of 198.24.42+1.63 ms (Kruskal-Wallis
test, p=0.295). We additionally determined the aforementioned parameters in systolic
transients from WT cells. Systolic transients from vehicle-treated cardiomyocytes (n= 30) were
analyzed, whereas transients from cells administered Iso (n= 32) and from cardiomyocytes
treated with Iso + efsevin (n= 31) were included in the analysis. AF/Fo in vehicle-treated cells

amounted to 2.84+0.27 and was again significantly increased by Iso to 3.79+0.23 (Kruskal-
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Wallis test, p<0.001). Concordant with data from CPVT cardiomyocytes, efsevin administration
did not influence AF/Fo (3.74+0.35; Kruskal-Wallis test, p=0.805). Further, the activation time of
Ca** release standing at 37.42+2.14 ms in vehicle-treated cells was significantly accelerated by
Iso to 28.08+1.63 ms (Kruskal-Wallis test, p<0.001). Application of efsevin in Iso-treated cells
decelerated ttp to 33.74+3.13 ms (Kruskal-Wallis test, p=0.005). Whereas tauinactivation in WT
myocytes was 307.83+34.18 ms it was accelerated to 170.28+1590 ms under
catecholaminergic stress (Kruskal-Wallis test, p<0.001). Application of efsevin did not further

influence tauinactivation (189.63+20.88 ms; Kruskal-Wallis test, p=0.215).
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Fig. 20 Effect of efsevin on systolic Ca®* transients in CPVT cardiomyocytes.

(a) Confocal line scan images and respective intensity plots of two triggered transients are shown (black

arrowheads). (b) Iso significantly affects systolic Ca®* transients in RyR2R4496/WT

myocytes by increasing

their amplitude (AF/Fo; Kruskal-Wallis test, ***p<0.001) and significantly accelerating Ca®* activation (ttp;
Kruskal-Wallis test, ***p=0.001) and inactivation (Tauinac;; Kruskal-Wallis test, ***p<0.001). In contrast,
efsevin exerts no further effects on these Ca®* transient parameters under Iso. Whereas transient

amplitude and Ca** clearance in CPVT cells were not significantly altered following treatment with

efsevin, ttp was slightly increased (Kruskal-Wallis test, **p<0.05). Similar trends were apparent in WT

cardiomyocytes (see text for details).
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4.2.2 Effects on triggered APs in RyR2R449¢/WT cardiomyocytes

Common antiarrhythmic drugs frequently intervene in the systolic AP causing proarrhythmic
side effects. Therefore we investigated potential effects of efsevin on triggered APs, where we
examined the duration of systolic APs at 50 % (APDso) and 90 % (APDg) of repolarization,
respectively. Whereas efsevin prolonged APDs 2.6-fold, it did not exert a significant effect on
APDy (Fig. 21). APDso amounted to 11.12+2.17 ms under vehicle-perfusion and remained
constant after Iso wash-in (15.32+4.90 ms; Friedman test, p=0.345). Perfusion of
cardiomyocytes with efsevin-containing solution drastically prolonged APDs, to 39.56+7.05 ms
(Friedman test, p=0.038). By contrast, following efsevin wash-in no prolongation of the AP was
observed at 90 % of repolarization. Untreated myocytes showed an APDgy of 94.51+10.79 ms
and of 75.14+9.17 ms after perfusion with Iso (one-way ANOVA, p=0.1453). Addition of efsevin
to Iso-treated myocytes resulted in an APDgy of 95.35+10.80 ms (one-way ANOVA, p=0.090),
a value comparable to the baseline value (one-way ANOVA, p=0.836). Furthermore, efsevin
had no effect on the resting membrane potential (RMP) of cardiomyocytes. RyR2R#4%/WT
myocytes exhibited a physiological RMP of 75.39+2.17 mV which became significantly more
negative under Iso treatment standing at -77.79+2.17 mV (one-way ANOVA, p=0.020). After
wash-in of efsevin, RMP amounted to -78.24+2.10 mV, pointing out that efsevin had no further
effect (one way ANOVA, p=0.312). AP amplitude standing at 116.25+1.42 mV remained
unaffected by Iso (116.47+1.48 mV; Friedman test, p=0.239) and was only slightly reduced to

111.22+2.17 by efsevin (Friedman test, p=0.019).
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Fig. 21 Efsevin modulates triggered systolic APs in mouse cardiomyocytes.

(a) The characteristic shape of a triggered AP is shown for administration of Iso (grey) and for treatment
with Iso + efsevin (blue), respectively. The duration of systolic APs at 50 % (APDso) and 90 % of
repolarization (APDgg) is exemplified. (b) Iso exerted no major effect on both parameters. Whereas
efsevin also had no impact on APDqy, it significantly prolonged APDsg (Friedman test, *p<0.05). (c) The
resting membrane potential (RMP) became significantly more negative following Iso wash-in (one-way
ANOVA, *p<0.05) and remained unchanged after addition of efsevin. AP amplitude was not altered by
Iso and was only marginally decreased by the addition of 15 uM efsevin (Friedman test, *p<0.05).
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4.3 Mechanism of action
4.3.1 Efsevin does not intervene in -adrenergic signaling

We next sought to investigate the mechanism of action of efsevin’s antiarrhythmic effects.
Efsevin was previously shown to act through VDAC2'®" and work from our lab demonstrates

8 We wanted to test whether

that it enhances Ca** uptake in cultured HL-1 cardiomyocytes
the antiarrhythmic potency of efsevin is solely attributable to its action on VDAC2 since a
suppression of Iso-mediated effects made an additional modulation of B-adrenergic signaling
quite conceivable. We therefore measured cellular cAMP accumulation in RyR2R#496C/WT
cardiomyocytes. B-AR agonists activate stimulatory G proteins and thereby trigger adenylate
cyclase which in turn leads to enhanced cAMP production. Forskolin (FSK), a known activator
of adenylate cyclases was employed as a positive control. Indeed, treatment with 5 pM FSK
significantly increased the amount of cCAMP generated in cardiomyocytes from 29.57+1.26
cAMP x cAMP+ATP" under basal conditions to 47.62+2.16 cAMP x cAMP+ATP™" (Kruskal-Wallis
test, p<0.001) (Fig. 22). We next applied Iso at a concentration of 100 nM: the catecholamine
significantly increased cAMP levels to 43.11+2.36 cAMP x cAMP+ATP™" (Kruskal-Wallis test,
p<0.001 basal vs. Iso), a value comparable to the positive control FSK (Kruskal-Wallis test,
p=0.546). Conversely, cCAMP accumulation after treatment with 10 uM efsevin alone closely
resembled that of untreated cells with a value of 29.35+2.18 cAMP x cAMP+ATP™' (Kruskal-
Wallis test, p=0.999). Taken together, this led us to conclude that efsevin is not a -AR agonist.
To investigate a putative B-blocking activity of the substance, we compared cAMP levels under

efsevin to the ones in myocytes under B-blockade. In cells pretreated with Iso, 1 uM of the

common [-blocker propranolol markedly diminished the amount of generated cAMP to
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35.47+1.26 cAMP x cAMP+ATP™" (Kruskal-Wallis test, p=0.036). By contrast, cellular cAMP in
Iso-treated cells remains unaffected by the additional administration of 10 uM efsevin at
44514273 cAMP x cAMP+ATP™" (Kruskal-Wallis test, p=0.999). Conclusively, our data show
that a modulation of B-adrenergic signaling could not be allocated as the antiarrhythmic
mechanism of efsevin. Indeed, efsevin seemingly exerts its effects on diastolic and systolic Ca*

events by means of B-AR independent pathways.
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Fig. 22 Efsevin does not directly affect B-adrenergic signaling in RyR2R*49%WT cardiomyocytes.

Columns represent the average cellular cAMP level expressed as cAMP x cAMP+ATP+SEM.
Administration of efsevin alone does not exert an effect on cellular cAMP accumulation compared to
basal conditions (Kruskal-Wallis test, p=0.919), whereas adenylate cyclase activator FSK (Kruskal-Wallis
test, ***p<0.001) and B-AR agonist Iso (Kruskal-Wallis test, ***p<0.001) drastically elevated cAMP
accumulation. Also, efsevin has no negative effect on cellular cAMP in Iso-treated cardiomyocytes
(Kruskal-Wallis test, p=0.999) as opposed to the common [-blocker propranolol (Kruskal-Wallis test,
**p=0.036). This indicates that efsevin is neither an agonist nor a blocker of the 3-AR.
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4.3.2 Efsevin acts through enhanced mitochondrial Ca** uptake

4.3.2.1 Inhibition of Ca?" uptake into mitochondria blocks efsevin's
antiarrhythmic effect

In HL-1 cardiomyocytes, efsevin dose-dependently enhanced the mitochondrial uptake of Ca®*
released from the SR induced by addition of 10 mM caffeine. This effect was antagonized by
addition of ruthenium red (RuR), a blocker of mitochondrial Ca®* uptake. RuR blocks the MCU
and thereby inhibits Ca** flux via the IMM, so that Ca®* can still pass the OMM through VDAC2
but further transport into the mitochondrial matrix is blocked. We next investigated whether
the enhanced Ca?* uptake into mitochondria via VDAC2 represents the mechanism directly
underlying efsevin's antiarrhythmic effect in RyR2F**“YWT cardiomyocytes. Therefore, we
assessed whether a block of Ca** influx into mitochondria would abolish the antiarrhythmic
effect of efsevin on catecholamine-induced Ca®* waves in RyR2*4%¢“WT myocytes. Whereas no
waves occurred under control conditions in cardiomyocytes (n=3 mice), Iso increased waves to
0.36+0.16 waves x min™' (n=2 mice; Kruskal-Wallis test, p=0.032). Efsevin completely eliminated
waves (n=3 mice; Kruskal-Wallis test, p=0.035) comparable to the data presented in chapter
4.1.2. Subsequently, Ca** uptake into mitochondria was inhibited by Ruse. Addition of the
blocker resulted in a minor insignificant increase in spontaneously propagating waves to
0.07+0.04 waves x min™' (n=3 mice) already in vehicle-treated cardiomyocytes compared to
the complete absence of arrhythmogenic events in untreated cells under vehicle conditions
(Kruskal-Wallis test, p=0.476). Again, Iso caused a significant increase of waves in Russo-treated
cardiomyocytes (n=4 mice) to 0.63+0.16 min™' (Kruskal-Wallis test, p<0.001) compared to
vehicle-treatment. Of note, the concurrent treatment with Iso and Ruse caused a drastic

increase in cardiomyocytes not suitable for analysis due to excessive spontaneous activity
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without a reaction to systolic stimuli. In analyzable cells the number of Ca** waves x min™ was
indistinguishable between Iso-treated groups with and without application of Ruse. Most
strikingly, inhibition of mitochondrial Ca®* uptake with Rusg abrogated the suppressive effect
of efsevin on spontaneous Ca®* waves. The number of waves amounted to 0.62+0.12 waves x
min™ (n=6 mice) in cardiomyocytes treated with efsevin and was indifferent from the amount
of waves in myocytes treated with Iso alone (Kruskal-Wallis test, p=0.354). Thus, efsevin lacks
its antiarrhythmic potency under blockade of mitochondrial Ca®* uptake. This can further be
appreciated by the amount of wave-positive cardiomyocytes (Fig. 23b). No vehicle-treated
RyR2RHCWT cells (0/23) showed Ca®* waves under control conditions, whereas Iso induced
waves in 33.33 % (5/15) of myocytes (Fisher's exact test, p=0.006). Administration of efsevin
completely abolished waves (0/21; Fisher's exact test, p=0.0001). Application of Ruseo
generated significantly more waves in vehicle control with 10.35 % (3/29) of wave-positive
cardiomyocytes as compared to vehicle alone (Fisher's exact test, p=0.002). Concurrent
treatment with Iso and Ruseo even extended Ca* waves to 52.38 % (11/21) of myocytes (Fisher's
exact test, p=0.0001). Noteworthy, in the presence of Russo, addition of efsevin to Iso-treated
cells no longer suppressed arrhythmogenic waves resulting in 40.32 % (25/62) of wave-positive
cardiomyocytes (Fisher's exact test, p=0.118). Conclusively, a blockade of mitochondrial Ca®*
uptake counteracts efsevin's antiarrhythmic activity in isolated murine RyR2R496/WT
cardiomyocytes, clearly linking enhanced mitochondrial Ca®* uptake to the suppression of

arrhythmogenic events in these cells.
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Fig. 23 Blockade of mitochondrial Ca®** uptake abolishes the antiarrhythmic activity of efsevin in

RyR2R449ECMT cardiomyocytes.

(a) Average waves x min'+SEM are displayed for different treatment conditions. Whereas efsevin
significantly reduces the number of spontaneous diastolic Ca®* waves in untreated RyR2R4496C/WT
cardiomyocytes (Kruskal-Wallis test, *p<0.05), the amount of waves after addition of Rusep is similar in
cells with or without efsevin. (b) Bar graph diagram illustrating the percentage of cardiomyocytes with
diastolic Ca®* waves. Numbers above the bars represent wave-positive cardiomyocytes of all myocytes
examined. Whereas Iso drastically increased the amount of cells presenting with spontaneous Ca®* waves
x min™' (Fisher's exact test, **p<0.05), no wave-positive myocytes were observed under efsevin treatment
(Fisher's exact test,***p<0.001). Inhibition of mitochondrial Ca®* uptake with Rusgo induced waves already
under vehicle conditions. Iso significantly increased the amount of wave-positive cells (Fisher's exact test,
***5<0.001). However, efsevin was no longer able to reduce arrhythmogenic waves following treatment

with Ruseo.



110

4.3.2.2 Mitochondrial Ca*" uptake enhancers - the MCU activator
kaempferol

The experiment above (4.3.2.1) has demonstrated that enhanced mitochondrial Ca®* uptake is
directly causative for the antiarrhythmic potency of efsevin. We next wanted to reveal if this
specific effect is restricted to the enhancement of mitochondrial Ca** uptake through VDAC2
or would rather represent a more widely applicable prevailing principle for substances that
enhance mitochondrial Ca®* uptake in general. The MCU residing in the IMM is activated by
natural plant flavonoids with kaempferol being the most active agent'®*. Research from our
group demonstrated that kaempferol dose-dependently increased the rapid transfer of Ca®*
from the SR into mitochondria with a comparable profile to efsevin (experiment performed by
Fabiola Wilting)'®. To investigate the applicability of kaempferol as an additional
antiarrhythmic agent acting through mitochondrial Ca** uptake, we sought to reproduce the
effects observed in efsevin-treated RyR2f*%°“’"T cardiomyocytes on Ca?* sparks by application
of 10 uM kaempferol (n=6 mice). The analysis of Ca®* spark parameters was performed
analogously to experiments with efsevin using the same vehicle- and Iso-treated myocytes as
in 4.1.1 as controls (Fig. 24). Comparable to efsevin treatment, application of kaempferol led to
a significantly reduced spark frequency of 0.49+0.09 sparks x 100 um™' x s™" (n=18 cells; Kruskal-
Wallis test, p<0.0001 compared to Iso). Kaempferol induced an analogous effect on amplitudes
to efsevin: AF/Fo was decreased to 0.40+0.01 compared to 0.66+0.01 under Iso (n=577 sparks;
Kruskal-Wallis test, p<0.0001) and 0.47+0.01 under Iso + efsevin (Kruskal-Wallis test, p<0.0001
as compared to Iso). In line with efsevin, kaempferol significantly accelerated Ca®* clearance to
a taugecay of 40.46+0.96 ms (n=577 sparks; Kruskal-Wallis test, p<0.0001) thereby spatially and

temporally restricting Ca®* sparks. Sparks exhibited a full width of 2.60+0.05 um (n=356;
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Kruskal-Wallis test, p<0.0001 compared to Iso) with kaempferol and a FWHM of 2.08+0.04 um
(n=355 sparks; Kruskal-Wallis test, p=0.0004 compared to Iso). Ca®* sparks obtained with
kaempferol were spatially narrowed, a pattern already evident in efsevin-treated myocytes. This
resulted in a full duration of 58.63+0.95 ms (n=314 sparks; Kruskal-Wallis test, p<0.0001
compared to Iso) and a FDHM of 46.51+0.76 ms (n=314 sparks; Kruskal-Wallis test, p<0.0001
compared to Iso), respectively. Furthermore, the activation time of Ca’* release, ttp, was
significantly accelerated to 24.97+0.69 ms by kaempferol application in Iso-treated myocytes
(n=314; Kruskal-Wallis test, p=0.0084 compared to Iso). Additionally, kaempferol induced an
acceleration of Ca?* release flux ((F/Fo)/tmax) from the SR to 15.94+0.37 (n=356 sparks; Kruskal-
Wallis test, p<0.0001). Our results further underpin that not only the reduced frequency of
potentially arrhythmogenic Ca®* sparks but also their spatial and temporal restriction all seem
to be part of a general antiarrhythmic principle not solely restricted to efsevin. To further
strengthen the mechanistical connection between enhanced mitochondrial Ca®* uptake and
the reduction of arrhythmogenic events, the effect of kaempferol on spontaneous Ca®* waves
in isolated RyR2*%“WT cardiomyocytes was assessed by Fabiola Wilting in our lab. Concordant
with data for efsevin (4.1.1), the number of arrhythmogenic Ca** waves was significantly
reduced by treatment of the cells with 10 uM kaempferol. These data led us to postulate that
enhancing mitochondrial Ca** uptake indeed represents a general and novel antiarrhythmic
principle and substances acting by this mechanism of action are referred to hereinafter as

mitochondrial Ca?* uptake enhancers (MiCUps).
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Fig. 24 Kaempferol reduces spontaneous Ca* spark frequency in RyR2*9%“WT cardiomyocytes and
accelerates Ca®* decay resulting in a spatial and temporal restriction of individual sparks.

Vehicle- and Iso-treated cardiomyocytes were the same as used for comparison in 4.1.1 (Fig. 14).
Columns represent the average of consecutive experiments for the different treatment conditions and
numbers in bars indicate the amount of cells (for frequency) or sparks examined, respectively. f-
adrenergic stimulation with Iso induces a slightly higher spark frequency, a significantly higher amplitude
(Kruskal-Wallis test, ****p<0.0001) and drastically accelerates cytosolic taugdecay (Kruskal-Wallis test,
****p<0.0001) leading to significantly narrower (full width; Kruskal-Wallis test, ****p<0.0001) and shorter
(full duration; Kruskal-Wallis test, ****p<0.0001) sparks. The same applied to FDHM (Kruskal-Wallis test,
****0<0.0001) and FWHM (Kruskal-Wallis test, ****p<0.0001). Application of kaempferol drastically
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reduced spark frequency (Kruskal-Wallis test, ****p<0.0001) and amplitude (Kruskal-Wallis test,
***%1<0.0001) and further limits spatial and temporal expansion of sparks: Following administration of
kaempferol, full duration (Kruskal-Wallis test, ****p<0.0001), FDHM (Kruskal-Wallis test, ****p<0.0001),
width (Kruskal-Wallis test, ****p<0.0001) and FWHM (Kruskal-Wallis test, ***p<0.001) were significantly
reduced as compared to treatment with Iso alone. Whereas Iso alone had no effect on ttp, kaempferol
significantly accelerated ttp (Kruskal-Wallis test, **p<0.01) and taudecay (Kruskal-Wallis test,
****p<0.0001).

4.3.3 Antiarrhythmic effect of MiCUps in RyR2R4496</WT mjce jn vivo

The highly promising antiarrhythmic effects of MiCUps in vitro combined with the absence of
severe side effects on systolic events under efsevin treatment formed a solid base for
consecutive /n vivo experiments. In order to investigate the antiarrhythmic potential of MiCUps
to suppress VT and to identify yet unforeseen side effects /n vivo, we administered efsevin and

2 R4496C/WT

kaempferol to RyR mice. Since this thesis represents the very first /n vivo application

of efsevin in mammals, we administered the novel antiarrhythmic compound to RyR2V"/WT
littermates (n=2 mice) of either sex with a weight of 33,05 g and 23,60 g to exclude potential
lethal or fatal side effects prior to a large scale experiment. None of the two WT mice, treated
with 15 mg/kg BW efsevin per day at a pump rate of 0.5 pL/h died or showed any side effects
during the 8 day treatment period. Under inhalation anaesthesia with isoflurane, a baseline
ECG was performed until steady state was reached (Fig. 25a) before mice were B-adrenergically
stressed by injection of a bolus of 2 mg/kg BW L-adrenaline and 120 mg/kg BW caffeine
(epi/caff): Basal HR in efsevin-treated animals was 496.22+71.17 bpm and was in line with
physiological values previously obtained from anesthesized mice®®. Epi/caff injection

accelerated the HR in mice to 560.05+60.61 bpm (Fig. 25b). Further, PR and QT intervals were

evaluated as a measure of maintained systolic sinus rhythm (Fig. 25c). PR interval representing
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the conduction of excitation from atria to ventricles amounted to 38.10+2.57 ms under
baseline. PR remained constant after epi/caff stimulation with a value of 38.19+1.04 ms. QT
characterizes the interval from depolarization to repolarization of the ventricles. Likewise, no
difference existed between QT interval at baseline with 31.76+£1.23 ms and QT after the epi/caff
bolus with 31.31+1.62 ms. Thus, PR and QT intervals were within the physiological range under
resting conditions and after epi/caff challenge, respectively. As expected, RyR2Y"WT mice did

not display arrhythmia in response to 3-adrenergic stress.
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Fig. 25 Efsevin exerts no adverse effects in RyR2“"WT mice /n vivo.

(a) ECG recording in RyR2WWT mice (n=2) depicting the consecutive phases of conduction throughout
the murine heart. The PR interval represents the conduction of excitation from atria to ventricles and QT
characterizes the interval from depolarization to repolarization of the ventricles. (b) Under administration
of efsevin, HR (in bpm) was maintained at a physiological level described for untreated anaesthesized
mice. (c) PR and QT intervals were also within the physiological range under resting conditions and after
epi/caff challenge, respectively.
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Since application of efsevin did not provoke any perilous side effects in WT animals and ECG
recordings were comparable to published values, efsevin was tested for its antiarrhythmic
potential in CPVT mice. Therefore, RyR2F*49“WT mjce (n=10) of either sex were treated with 62
mg efsevin/kg BW per day at a pump rate of 1 uL/h over a course of 3 days. Mice (n=11) of
either sex were equipped with vehicle-loaded pumps and served as a control. Baseline ECG was
performed until steady-state was reached (Fig. 26a, normal) followed by a catecholaminergic
stress phase. Epi/caff injection evoked VT (Fig. 26a, VT) in all vehicle-treated animals (11/11).
Strikingly, application of efsevin resulted in a significant reduction of arrhythmia with only 60

% (6/10) of mice presenting with VT (Fisher's exact test, p=0.0351) (Fig. 26b).

To substantiate the antiarrhythmic potency of enhancing mitochondrial Ca®* uptake /n vivo,

application of kaempferol was carried out as outlined above for efsevin. RyR2R*%“WT mjce
(n=11) of either sex were administered with 12 mg/kg BW per day of the MCU agonist
kaempferol at a pumping rate of 1 pL/h for 3 days. Notably, the administration of kaempferol

could also significantly reduce VTs to 54.5 % (6/11) of RyR2f*49%“WT mice (Fisher's exact test,

p=0.0351) (Fig. 26b).
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Fig. 26 Administration of MiCUps led to the significant reduction of VT episodes in RyR2R“%“WT mjce,

(a) Representative ECG trace with a physiological sinus rhythm (normal) and bidirectional VT as a
hallmark of CPVT (VT). (b) Mice were treated with vehicle (n=11), 62 mg/kg BW per day efsevin (n=10)
or 12 mg/kg BW per day kaempferol (n=11) over a course of 3 days. Whereas 100 % (11/11) of vehicle-
treated animals presented with VT, the administration of MiCUps could significantly minimize the
occurrence of ventricular tachycardia. Under efsevin, only 60 % (6/10) of mice presented with VT and
only 54.5 % (6/11) of mice administered with kaempferol were arrhythmic (Fisher's exact test, *p<0.05
as compared to vehicle).

4.3.3.1 MiCUps shorten the duration of individual VT episodes

In addition to the occurrence of VT-type arrhythmia, single arrhythmic episodes were further
analyzed. ECG traces were evaluated for episode duration, number of VT episodes and episode-

free time. The number of single VT episodes was indifferent between the three groups. Whereas
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RyR2RMEMT mice presented with 2.18+0.44 episodes when treated with vehicle, efsevin-
treated animals displayed 4.17+1.30 episodes (Kruskal-Wallis test, p=0.116) and kaempferol-
treated mice 3.17+0.87 episodes (Kruskal-Wallis test, p=0.305). In contrast, single VT episodes
under MiCUps were of shorter duration resulting in extended periods of normal sinus rhythm
which ensure adequate cardiac blood pumping throughout the body. Whereas episodes
persisted for 74.69+19.75 s under vehicle-treatment, episode duration was significantly
reduced to 25.00+5.85 s by efsevin (Kruskal-Wallis test, p=0.015). A similar, but not significant
trend was observed for kaempferol with a mean episode length of 44.28+10.65 s (Kruskal-
Wallis test, p=0.656 compared to vehicle) (Fig. 27a). The interval of episode-free time was
unchanged by efsevin or kaempferol and closely resembled the VT episode-free time in
vehicle-treated animals (Fig. 27b). Whereas in vehicle-treated mice, 46.21 % of the recording
were episode-free, no VT episodes occurred in 56.16 % of the recording under efsevin (Fisher’s
exact test, p=1.000). With kaempferol, 50.85 % of the recording were devoid of VT episodes
(Fisher's exact test, p=0.5708). Summarizing the above, application of efsevin and kaempferol
led to a reduced number of mice manifesting VT-like arrhythmia. Furthermore, administration
of both MiCUps diminished the length of single episodes. Even though a trend towards a
longer episode-free time can be seen under MiCUp treatment, the difference was not

significant.
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Fig. 27 Administration of MiCUps did not alter the amount of VT episodes but reduced their duration in
RyR2R4496C/WT mice.

(a) No significant change in the number of single VT episodes was observed. Yet, both MiCUps shortened
the duration of individual episodes with a more pronounced effect exerted by efsevin (Kruskal- Wallis
test, *p<0.05). Analogously, under MiCUp treatment there was a clear trend towards a shortened first VT
episode. (b) The interval of VT episode-free time was unaltered by MiCUPs.

4.3.3.2 Physiological sinus rhythm is unaffected by MiCUps

In light of a future human application, even minor side effects on normal sinus rhythm /n vivo
could be detrimental. Therefore, we examined ECGs of efsevin- and kaempferol-treated mice
for a potential impact of MiCUps on HR (Fig. 28a) and conduction parameters (Fig. 28b) at rest
and under catecholaminergic stress. Both, efsevin and kaempferol did not influence HR at rest:

vehicle-treated mice (n=11) had a HR of 485.32+24.70 bpm at baseline, while HR amounted to
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454.39+21.02 bpm in animals treated with efsevin (n=10; one-way ANOVA, p=0.338 compared
to vehicle) and to 455.38+13.80 bpm in kaempferol-treated animals (n=11, one-way ANOVA,
p=0.337 compared to vehicle). The same was observed for HR following -AR stimulation. HR
stood at 605.92+24.86 bpm in vehicle-administered control animals after epi/caff challenge.
HR in MiCUp-treated animals did not significantly deviate from this value with 637.96+24.94
bpm for efsevin treated animals (one-way ANOVA, p=0.316) and 640.62+22.04 bpm for
kaempferol-treated mice (one-way ANOVA, p=0.267), respectively. We further quantified
parameters of cardiac conduction and found no significant changes in the conduction of
excitation from atria to ventricles (PR) or the interval from excitation to repolarization of the
ventricles (QT) in animals treated with MiCUps. The PR interval was 32.14+2.12 ms in vehicle-
treated animals, 34.10+0.88 ms in the efsevin group (Kruskal-Wallis test, p=0.871) and
32.66+2.22 ms in animals treated with kaempferol (Kruskal-Wallis test, p=0.596). Also, there
was no impact of MiCUps on PR under catecholaminergic stress. PR interval was 30.01+2.02
ms in the vehicle-treated group, 32.20+0.79 ms under efsevin (Kruskal-Wallis test, p=0.919)
and 31.22+2.50 ms in the kaempferol-treated mice (Kruskal-Wallis test, p=0.187). At baseline,
QT interval was 48.55+3.18 ms in vehicle-treated animals, 51.72+2.55 ms under efsevin
(Kruskal-Wallis test, p=0.377) and 46.81+3.21 ms in mice receiving kaempferol (Kruskal-Wallis
test, p=0.234). Also after epi/caff challenge, MiCUps did not influence the QT interval standing
at 46.48+3.77 ms under vehicle conditions, at 53.08+0.71 ms in efsevin-treated mice (Kruskal-
Wallis test, p=0.264) and at 50.99+3.55 ms under kaempferol (Kruskal-Wallis test, p=0.188).
Thus, both MiCUps did not exert significant effects on normal sinus rhythm in RyR2R4496</WT

mice.
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Fig. 28 MiCUps maintained a physiological sinus rhythm and cardiac conduction /n vivo at baseline and
under stress conditions.

Box-plot diagrams represent minimum, first quartile, median, third quartile and maximum of data
obtained from RyR2R*49%6WT mice treated with vehicle (n=11), kaempferol (n=11) or efsevin (n=10),
respectively. (@) Administration of 62 mg/kg BW efsevin or 12 mg/kg BW kaempferol had no effect on
HR (in bpm). (b) Also, both MiCUps did not alter murine PR and QT intervals (both in ms).

4.3.4 Long-term application of efsevin causes no side effects in
RyR2R#496C/WT mice

In the aforementioned /n vivo experiments, MiCUps were delivered to RyR2R*4%¢“WT mjce over

a course of 3 days. Whereas kaempferol has been proven to be safe for the use in different

animal models also in long-term experiments® %, no /n vivo study existed for the novel

substance efsevin prior to the present experiments. Hence, we employed a different minipump

model to administer efsevin for a period of 8 days to identify potential side effects occurring
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during long-term treatment. Administration of 15 mg/kg BW per day efsevin for 8 days in WT
mice revealed no harmful side effects on systolic parameters (Fig. 25). Long-term treatment

2 R4496C/WT

was performed with 15 mg/kg BW per day of efsevin in RyR mice (n=10) of either sex

with an average weight of 22.84+0.61 g. RyR2R#%6/WT

mice (n=10) with an average weight of
21.98+0.57 g were administered with vehicle and served as a control. Baseline ECG in vehicle-
and efsevin-treated mice was performed until steady-state was reached. Afterwards, mice were
injected with epi/caff as a stress bolus. Basal HR in vehicle-treated animals amounted to
445.96+22.36 bpm and to 513.97+26.79 bpm in efsevin-treated animals (one-way ANOVA,
p=0.078). Under B-AR stimulation one can clearly appreciate a significantly faster HR. HR
standing at 622.04+12.46 bpm in vehicle-treated mice was unaltered with 637.35+37.87 bpm
in efsevin-treated mice (one-way ANOVA, p=0.685) (Fig. 29a). Also, efsevin showed no impact
on PR or QT intervals here (Fig. 29b). Whilst under basal conditions in efsevin-treated mice, PR
amounted to 37.16+0.49 ms, this value remained relatively stable at 35.92+0.96 ms after B-AR
stimulation. Both values were highly comparable to 38.70+1.20 ms (one-way ANOVA, p=0.394)
in vehicle-treated animals under baseline and to 35.46+0.87 ms after epi/caff injection (one-
way ANOVA, p=0.800). In accordance with this, QT with and without catecholaminergic stress
was not significantly altered by efsevin. QT under resting conditions amounted to 32.67+0.80
ms in vehicle-treated animals and to 31.30£0.93 ms with efsevin, respectively (one-way
ANOVA, p=0.445). Likewise, QT intervals were comparable in both treatment groups after
epi/caff administration with a value of 32.18+1.43 ms in vehicle-treated and of 32.17+1.65 ms
in efsevin-administered mice, respectively (one-way ANOVA, p=0.996). Conclusively,

administration of efsevin also for 8 days induced no significant side effects on ECG parameters

in WT and CPVT mice. As an important vital parameter, body weight was not affected over the
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whole period of efsevin-treatment and mice showed normal behavior and activity (Fig. 12c).
Also, post-mortem examination of liver or heart weight yielded no difference between vehicle-
and efsevin-treated animals. Interestingly, the treatment of mice with efsevin for 8 days
revealed an antiarrhythmic trend similar to what was obtained after application of efsevin for
3 days (Fig. 29¢). Stress boli with epi/caff evoked VT in 80 % (8/10) of vehicle-treated animals.
Again, application of efsevin led to only 50 % (5/10) of RyR2R*%“WT mice presenting with

arrhythmia, which is, although not statistically significant, consistent with previous results

(Fisher's exact test, p=0.350).
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Fig. 29 Long-term treatment with efsevin at a concentration of 15 mg/kg BW per day revealed no adverse
effects on ECG parameters and showed a trend towards reduction of VT /n vivo in RyR2R*4%WT mice.

(a) Treatment with efsevin for 7 consecutive days did not alter HR (bpm) in RyR2R*9%€/WT mice. (b)
Analogously, efsevin had no effects on PR and QT intervals of vehicle- (n=10) and efsevin-treated
animals (n=10; both in ms). (c) Whereas 80 % of untreated animals exhibited VT, arrhythmia was only
observed in 50 % of MiCUp-treated mice (Fisher's exact test, p=0.350).
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4.4  MiCUps also suppress spontaneous Ca** waves in human iPSC-
derived CPVT cardiomyocytes in vitro

The antiarrhythmic potency of MiCUps in mice not only /n vitro but also /in vivo makes the
enhancement of mitochondrial Ca®* uptake a highly promising candidate strategy for a future
use in human arrhythmia patients. Therefore it is of paramount importance to confirm the
efficacy of MiCUps in a human arrhythmia model. We used iPSC-derived cardiomyocytes from
two CPVT patients who have been treated at Klinikum Rechts der Isar, Munich and investigated
arrhythmogenic Ca®* signals in these cells. First, cardiomyocytes were differentiated from iPSCs
derived from a skin biopsy from a 24-year old patient with a familial history of CPVT'®’. The
CPVT-causing mutation was mapped to the RyR locus. Hence, RyR2°*®“"T cardiomyocytes
served as a model for RyR2-linked CPVT, comparable to the RyR2*¢““WT mouse used
previously in this thesis. Despite the S406L mutation being located in a different region of RyR2,
the dysfunctional channel is likewise causative for spontaneous Ca** waves and APs. Cells from
a 32-year old healthy donor served as a control. Analogous to the experiments in 4.1.2, we
analyzed spontaneous diastolic Ca®* waves in iPSC-derived cardiomyocytes (Fig. 30a). In line
with the manifestation of VT in human patients only under catecholaminergic stimulation,
RyR2%YWT cardiomyocytes (n=10 cells, N=15 preparations) exhibited only 0.37+0.37 waves x
min™" under vehicle conditions, while treatment with the B-adrenergic receptor agonist Iso
evoked an increased number of 3.78+0.72 waves x min™' (Kruskal-Wallis test, p<0.0001) in CPVT
cardiomyocytes (n=18, N=5). Remarkably, $-adrenergically stressed cells administered with 15
uM efsevin (n=18, N=14) displayed a significant reduction of potentially arrhythmogenic Ca**
waves to only 0.15+0.15 x min™ (Kruskal-Wallis test, p<0.0001). The amount of waves was

indistinguishable from vehicle (Kruskal-Wallis test, p=0.888). Similarly, treatment of stressed
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cells with kaempferol (n=19, N=9) drastically diminished diastolic waves to 0.21+0.15 waves x
min™' as compared to Iso alone (Kruskal-Wallis test, p<0.0001), a value again undistinguishable
from that under vehicle treatment (Kruskal-Wallis test, p=0.982) (Fig. 30b). In RyR2%4%L/WT
cardiomyocytes MiCUp treatment also restricted the occurrence of arrhythmogenic Ca®* events
to a smaller subpopulation of cells (Fig. 30c). In the vehicle control, diastolic waves occurred in
only 9.10 % (1/11) of the cardiomyocytes. Whereas 77.78 % (14/18; Fisher's exact test, p=0.001)
of Iso-stressed cells showed diastolic waves, only 7.69 % (1/13) of cardiomyocytes concurrently
administered with Iso and efsevin exhibited waves (Fisher's exact test, p=0.0002). Likewise,
treatment of stressed cells with kaempferol drastically reduced waves to only 10.53 % (2/19) of
cardiomyocytes (Fisher's exact test, p=0.0001), a value comparable to the vehicle control.
Cardiomyocytes from the healthy donor showed only a negligible amount of diastolic
arrhythmogenic events under all observed conditions. The cells displayed no Ca** waves under
control conditions (n=8, N=5) and after application of efsevin (n=7, N=5) or kaempferol (n=7,
N=6). Iso-treated cardiomyocytes (n=20, N=7) also exhibited only 0.05+0.05 waves x min™", an
amount statistically indifferent from vehicle (Kruskal-Wallis test, p=0.801). In control cells, Iso
did not evoke Ca** waves evident by a fraction of only 5.00 % (1/20) of Iso-treated wave-
positive cardiomyocytes and no waves (0/8) were evident in the vehicle control (Fisher's exact
test, p=1.000). Likewise, no waves were observed under treatment with efsevin (0/7; Fisher's

exact test, p=1.000) and kaempferol (0/7; Fisher's exact test, p=1.000).
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Fig. 30 MiCUps reduce spontaneous Ca** waves in RyR cardiomyocytes.

(a) Confocal linescan images and fluorescence intensity plots of an entire cardiomyocyte are presented
under the three different treatment conditions. The last five triggered Ca®* transients are shown (black
arrowheads). (b) The average of waves x min"'+SEM is displayed for the different treatment conditions.
Ctrl myocytes obtained from a healthy donor not susceptible to B-AR mediated arrhythmogenesis
displayed only a negligible number of waves under Iso application. In contrast, Iso treatment triggered
significantly more waves in RyR2**"WT cells (Kruskal-Wallis test, ****p<0.0001). Efsevin (Kruskal-Wallis
test, ****p<0.0001) and kaempferol (Kruskal-Wallis test, ****p<0.0001) drastically abolished waves in
CPVT cells. (c) Bar graphs illustrate the proportion of cells presenting with diastolic Ca** waves among
all cells examined. Numbers above the bars represent wave-positive cardiomyocytes in relation to all
myocytes examined. Whereas ctrl cardiomyocytes showed almost no waves under any tested condition,
MiCUp treatment could significantly restrict diastolic waves to a small subset of RyR254%YWT cells. As
compared to 77.78 % of CPVT cardiomyocytes displaying Ca®* waves following application of Iso, efsevin
restricted waves to 7.69 % (Fisher's exact test, ***p<0.001) and kaempferol to 10.53 % of myocytes
(Fisher's exact test, ***p<0.001).
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Similarly, we also tested iPSC-derived cardiomyocytes from a 60-year-old male patient
presenting with severe arrhythmia phenotypically consistent with clinical signs of CPVT.
However, despite being subjected to screens of loci of the canonical mutational hotspots in
CaM, RyR and Casq, the underlying mutation remains elusive. These cells are hereinafter
described as CPVT'"""" We investigated spontaneous diastolic Ca** waves analogously to

experiments stated above for RyR2>40¢/WT

cardiomyocytes (Fig. 31a). The identical healthy
donor cardiomyocytes as in Fig. 30 served as a healthy control. CPVT"""*" cardiomyocytes
(n=11, N=2) displayed no spontaneous Ca?* waves under vehicle and in accordance with the
patients’ phenotype, myocytes (n=15, N=13) revealed a significant increase in diastolic Ca**
events to 5.87+1.80 waves x min"" under Iso (Kruskal-Wallis test, p<0.0001). Strikingly, MiCUps
could reduce waves also in cardiomyocytes of this CPVT model. While efsevin significantly
reduced waves in CPVT cells (n=17, N=2) to 0.12+0.12 x min"' (Kruskal-Wallis test, p<0.0001),
the administration of kaempferol completely blocked waves in CPVT“"K"*" myocytes (n=18,
N=11; Kruskal-Wallis test, p<0.0001) (Fig. 31b). In CPVT“**" cardiomyocytes MiCUp
treatment also restricted the occurrence of arrhythmogenic Ca?* events to a smaller
subpopulation of cells. 9.10 % (1/11) of vehicle-treated CPVT“"X™*" cardiomyocytes displayed
spontaneous Ca?* waves. Administration of Iso induced waves in a significantly enlarged subset
of 53.30 % (8/15) of myocytes (Fisher's exact test, p=0.036). Again, efsevin was able to restrict
diastolic waves to only 5.90 % (1/17) of myocytes (Fisher's exact test, p=0.005) and kaempferol
even completely suppressed these proarrhythmic events (0/18; Fisher's exact test, p=0.0005)
(Fig. 31c). In summary, MiCUps not only limited the number of wave-positive CPVTUkMown

cardiomyocytes to a value indifferent from vehicle. Additionally, both substances significantly

suppressed or even completely abolished the amount of waves x min” in these cells.
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Conclusively, both MiCUps were able to reset the number of wave-positive cells as well as the
amount of waves x min' to values comparable to the control level in cardiomyocytes derived
from two different CPVT-patients. These findings undermine that MiCUps indeed exert their

antiarrhythmic effect also in a human CPVT model
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Fig. 31 MiCUps abolish spontaneous Ca®* waves in CPVTU"k""" cardiomyocytes.

(a) Confocal linescan images and fluorescence intensity plots of entire cardiomyocytes are presented
under the three different treatment conditions. The last five triggered Ca®* transients are shown (black
arrowheads). (b) The average of waves x min"'+SEM is displayed for the different treatment conditions.
Whereas only a negligible amount of waves occurred under vehicle treatment, application of Iso
significantly increased the amount of waves in CPVTU""°"" cardiomyocytes, susceptible to B-AR
mediated arrhythmogenesis (Kruskal-Wallis test, ****p<0.0001). Efsevin (Kruskal-Wallis test,
****%<0.0001) and kaempferol (Kruskal-Wallis test, ****p<0.0001) drastically reduced waves in
CPVTUnknown calls, () Bar graphs illustrate the proportion of cells presenting with diastolic Ca®* waves
among all cells examined. Numbers above the bars represent wave-positive cardiomyocytes in relation
to all myocytes examined. Whereas ctrl cardiomyocytes showed almost no waves under any tested
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condition, MiCUp treatment could significantly restrict diastolic waves to a small subset of CPVTUnknown
myocytes. Whereas under application of efsevin, only 590 % of cells exhibit spontaneous waves as
compared to 53.30 % of Iso-treated cardiomyocytes (Fisher's exact test, **p<0.01), kaempferol

completely suppressed waves (Fisher's exact test, ***p<0.001).
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5. DISCUSSION

51 Mitochondria as *fire extinguishers” in the arrhythmogenic
setting

In contrast to the well-established B-AR agonist Iso and the adenylate cyclase activator FSK,
efsevin did not alter cellular cAMP levels. These findings unequivocally demonstrated that a
modulation of B-adrenergic signaling could not be allocated as a mechanism of the
antiarrhythmic effect of efsevin. In addition, an effect of efsevin on adrenergic receptors can
be reliably precluded by the evaluation of murine ECG traces. The RR interval was unchanged
by efsevin whereas the commonly used antiadrenergic propranolol significantly slowed RR in

a previous study'®

. Additionally, RMP is unchanged in patch-clamped cardiomyocytes under
administration of efsevin which led us to conclude that a RMP-decrease can also be precluded
as an antiarrhythmic mechanism. Taken together, we infer that the antiarrhythmic effect of
efsevin could indeed be ascribed solely to its binding to VDAC2 and thus to enhanced Ca**
uptake into mitochondria. Due to their ability to employ Ca®* concentrations greatly exceeding
those that mitochondria are generally facing in a healthy cell, the removal of excess Ca®* from
the cytosol was concluded to be a major role of these organelles®’. Consistent with this, Zhao
et al. suggest that the local Ca®* level in the microdomain close to the RyRs is controlled by

180 whereby an increase of [Ca®'] in the vicinity of

mitochondrial Ca®* release and uptake
mitochondria leads to a reversible accumulation of Ca** . However, the roles of mitochondria
and Ca** in arrhythmia are still controversially discussed in literature: Do mitochondria exert a

preventive role or do they act as a proarrhythmic sink? To further complicate matters, different

studies found both an enhanced and a reduced [Ca®*]m to be effective therapeutic strategies
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for the elimination of arrhythmia in CVDs?*"

. We observed a cardioprotective role of
pharmacologically increased mitochondrial Ca®* uptake, which is to our knowledge the first
time this was shown in arrhythmia /n vivo. Our results clearly argue in favor of a preventive role
of mitochondria as “fire extinguishers” in the arrhythmogenic setting of CPVT and establish
pharmacological activation of rapid mitochondrial Ca®* uptake as a novel therapeutic strategy.
This hypothesis is further substantiated by the fact that the inhibition of mitochondrial Ca®*
uptake with Ruseo abrogated the suppressive effect of efsevin on spontaneous Ca** waves. The
number of waves in R4496C cardiomyocytes treated with efsevin was indifferent from the
amount of waves in myocytes treated with Iso alone indicating that efsevin lacks its
antiarrhythmic potency under blockade of mitochondrial Ca** uptake. Consistent with this,
Seguchi et al. observed an increase in spontaneously propagating Ca®* waves induced by

blocking mitochondrial Ca?* uptake with Rusgo'®'

. Over the course of our Russo-experiments,
numerous RyR2R*“YWT cardiomyocytes showed very excessive spontaneous activity when
treated with Iso and Ruseo. This means that in the setting of CPVT, a non-functioning Ca®*
buffering into mitochondria under catecholaminergic stress causes extreme harm to the cells
which react with excessive arrhythmia. Thus, enhanced Ca®* uptake into mitochondria might
ensure that excess Ca®* from the cytosol that would otherwise favor arrhythmogenic signals
propagating throughout the cell, is buffered into mitochondria. The fact that in our study under
Iso, the amount of waves is indistinguishable with and without Ruseo, could lead to the distorted
picture that the addition of the MCU-blocker exerts no effect. Yet, the addition of Ruseo triggers
a mere burst of arrhythmic Ca®" events in cardiomyocytes pretreated with Iso so that these

cells did not meet our pre-defined criteria for evaluability: Only myocytes that develop systolic

Ca** transients in reaction to stimulation, but concomitantly are quiescent when unstimulated,
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were included in the analysis. Hence, cardiomyocytes meeting these criteria seem to have a
rather low arrhythmic “preload” thus exhibiting less waves. Further, the fact that Ruseo-treated
myocytes showed an increased amount of waves per min already under vehicle conditions
substantiates the notion that indeed a blockade of Ca®* uptake into mitochondria by Ruseo
could cause serious damage to cardiomyocytes and that reduced mitochondrial Ca®* uptake is
proarrhythmic. Further studies clearly substantiate the role of mitochondria as "high-capacity
sinks that are placed on the way of a propagating Ca®* wave" and that clear Ca®* in restricted
microdomains®'": kaempferol reduced FCCP-induced waves and spontaneos APs in murine
cardiomyocytes and an increase of mitochondrial Ca®* release was sufficient to elicit APs thus
increasing arrhythmogenicity. Consistently, the Peuchen group observed that in astrocytes the
rate of propagation of cytosolic Ca®* waves was limited by mitochondrial Ca®** uptake®'?.
Further, the propagation of cytosolic Ca®* was restricted by a ,firewall” of mitochondria located
in the center of pancreatic acinar cells®. In line with this, an inhibition of mitochondrial Ca?*
uptake by carbonyl cyanide m-chlorophenyl hydrazone augmented Ca®* waves?'. A study by
Liu and O'Rourke in a HF model demonstrated that MCU overexpression inhibited arrhythmia

in vivo as well as substantially reduced the amount of PVCs*"

. Another study even
demonstrated that a restored mitochondrial Ca®* accumulation prevented from SCD?", all

clearly arguing in favor of a preventive role of mitochondrial Ca** uptake in the arrhythmogenic

setting.
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52 The fate of Ca* after enhanced mitochondrial uptake

Mitochondrial Ca®* is a pleiotropic signal with a delicate balance existing between its positive
and negative effects. Whereas insufficient mitochondrial Ca®* uptake in the heart can
compromise the matching between energy supply and demand and the scavenging capacity
of ROS, Ca** overloaded mitochondria might react with excessive ROS production triggering
mPTP opening?", a collapse of the mitochondrial membrane potential and apoptosis?'®2".

Mitochondria with an excessive and persistent Ca®* overload react with apoptosis. For instance,
kaempferol was shown to exert its beneficial effect via an induction of apoptosis as an anti-

cancer drug?'®?"®

albeit it seemingly preserves normal cell viability in some cases exerting a
protective effect’'®. Intriguingly, cardiomyocytes seem not to suffer from an increase in
apoptosis under enhanced mitochondrial Ca** uptake mediated by MiCUPs, even though we
cannot completely preclude this possibility by experiments in adult murine cardiomyocytes due
to their transitory nature. Although few studies demonstrate a long-term culture®’, freshly
isolated adult murine cardiomyocytes are known to degenerate and cannot be kept overnight
in contrast to rat myocytes. Thus, we discarded myocytes immediately after each experiment,
making it impossible to observe apoptotic events that might occur afterwards. However,
previous experiments from our lab suggest that apoptosis is not the method of choice for
mitochondria to deal with enhanced Ca** concentrations induced by MiCUp treatment: Neither
the treatment of zebrafish embryos with efsevin for 26 hours nor an overexpression of VDAC2
did increase apoptosis as analyzed by TUNEL assays as well as acridine orange staining'®'.

Further, HL-1 cells did not show any adverse effects by long-term treatment with efsevin

(Fabiola Wilting, unpublished).
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Likewise, we can exclude mPTP formation resulting from MiCUp treatment with great certainty.
Although persistent mitochondrial Ca®* overload is a prerequisite for an opening of the mPTP,
ROS and Ca** both are essential for this process®?. This is in line with the “two-hit” hypothesis
developed by Brookes et al. in which it takes two concurrent stimuli to turn Ca®* from a
physiological to a pathological effector to bring about mitochondrial dysfunction and mPTP
opening is exclusively triggered by a combination of high Ca?* and ROS instead of excess Ca**
alone®'. In fact, a vicious cycle exists where sustained mitochondrial Ca®* uptake leads to an
increase in ROS levels triggering mitochondrial Ca** overload, mPTP and cell death?*?, Thus,
the switch of mitochondrial Ca®* uptake from a “useful” physiological mechanism to the
pathophysiological state of mPTP opening and cell death seems to require oxidative stress as
a prerequisite and a major part of data pointing to a negative role of increased mitochondrial
Ca*" were entirely collected in the setting of a simultaneous increase in ROS. In contrast, results
from our group demonstrated that efsevin enhanced mitochondrial Ca®* uptake without an
increase in global ROS in HL-1 cells (Eliane Klein, unpublished) whereby the absolute
prerequisite for mPTP and cell death is not met.

Apart from the scenario that another harmful stimulus is missing in our case of MiCUp
treatment in CPVT, we reasonably believe that the Ca** equilibrium is not severely or only
transiently perturbed. It is thus logical to assume that under MiCUp treatment, enhanced Ca®*
uptake is not sustained long enough to cause a “real”, persistent Ca®* overload situation that
would mean harm to mitochondria or even lead to apoptosis, mPTP opening or a
depolarization of AWn. Thus, another strategy is seemingly existent to dispose of the excess
Ca** from mitochondria so that physiological Ca** concentrations are sustained for proper

cellular functions. For maintained physiological sinus rhythm, Ca®* that enters mitochondria
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following each Ca®* transient, has to be extruded before the subsequent transient to prevent
mitochondria from the perilous state of Ca®* overload. Following this logic, Ca®* influx must
equal its extrusion. Therefore, it seems very likely that Ca®* is dissipated by concomitant
increase of mitochondrial Ca** export, meaning the avoidance of mitochondrial Ca** overload
and/or vicious Ca** cycling across the mitochondrial membrane. In other words, mitochondria
only work as a transient buffer with the enhanced Ca®* only temporarily retained inside the
organelle in our setting. Alternatively, a reverse transport of Ca?* inside the microdomain (from
mitochondria back into the SR) is also quite conceivable. The existence of such a shuttling
mechanism of Ca?* from mitochondria back into the SR was previously demonstrated with an
implication of NCLX in the Ca®* communication between both organelles'". This might suggest
that Ca* is immediately shuttled back from mitochondria into the SR under MiCUp treatment.
The assumption of a shuttling from mitochondria back into the SR may also explain why we
observe an antiarrhythmic effect without harmful side effects. Previous work from our group
(Eliane Klein, unpublished) showed that increased Ca®" uptake under efsevin in HL-1 cells
stimulates oxidative phosphorylation. This in turn leads to an augmented ATP production that
enhances SERCA activity. This state could further contribute to the antiarrhythmic potential of
efsevin since recent work by Fernandez-Tenorio et al. showed that SERCA stimulation reduces
the frequency of spontaneous Ca®* waves in murine ventricular myocytes’”. Another
interesting fact is that the A4860G RyR2 mutation causative for an altered Ca®* homeostasis
and in turn for CPVT leads to an induction of so-called nanotunneling between mitochondria®“.
While the increase in these long-distance intermitochondrial communications in the setting of
cytosolic Ca®* imbalances is unknown, a transport of ions between mitochondria was reported

225

which would allow for an intermitochondrial shifting of Ca®* ions®*>. Work from our group
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demonstrated that the increasedly leaked Ca®* by mutated RyR2 is being taken up by
mitochondria under MiCUp treatment. We may therefore speculate that the aggrandized
amount of nanotunnels formed by mitochondria in the setting of CPVT could serve as a means
to distribute the increased amount of uptaken Ca?*. This implies that mitochondria adopt a
.problem shared is a problem halved”-strategy to prevent Ca** overload of individual
mitochondria. In line with this, Vincent et al. proposed that nanotunnels were a means of
communication for mitochondria to “reach out for help” under stress conditions®®. Future
experiments are thus needed to finally elucidate the whereabouts of Ca** after enhanced
mitochondrial uptake by live cell imaging with concomitant staining and tracing of

mitochondrial Ca®*.

53 MIiCUPs successfully recrute the “firewall" of mitochondria in the
arrhythmogenic setting of CPVT

5.3.1 MICUPs restrict spontaneous Ca* sparks by modulating multiple
parameters in RyR2R449¢</WT cardiomyocytes
In this thesis we have measured spontaneous Ca** sparks and waves as well as spontaneous
APs as a measure of the arrhythmogenic potential of cardiomyocytes from the RyR2R44%6</WT
CPVT mouse model. Strikingly, we could demonstrate a suppressive effect of efsevin on all of
the aforementioned arrhythmogenic events. As a consequence of altered properties of RyR2
including RyR2 mutations such as the CPVT causing R4496C mutation, cardiomyocytes are
prone to spontaneous leak of Ca®* from the SR in the form of Ca®* sparks. This leakage already

exists under basal conditions but is drastically aggravated under stress conditions mimicked
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by Iso. An increase in spark frequency is associated with an increased risk for arrhythmia.
Previous reports demonstrated that downregulation of VDAC2 spatially and temporally
extends Ca®* sparks in cultured HL-1 cells as quantified by an increased width and duration of
sparks'®"1% Vice-versa, upregulation of the channel would be expected to narrow sparks.
Indeed pharmacological activation of VDAC2 by efsevin was previously shown to induce this
effect. Hence, it was postulated that the enhanced Ca?* uptake into mitochondria induced by
efsevin leads to an accelerated cytosolic Ca®* clearance and thus a reduced width and duration
of Ca®* sparks'®'. Thereby the diffusion of Ca* inside the cytosol is restricted thus halting the
propagation of cytosolic Ca®* signals under Ca®** overload (Fig. 32). Our data clearly support
this concept. Also in the present study, treatment with efsevin entailed the spatial and temporal
restriction of sparks in the CPVT mouse model. Shimizu et al. concluded that by the acceleration
of Ca®* removal from the cytosol in cardiomyocytes, efsevin narrows and temporally shortens
local Ca®* sparks with no influence on SR Ca®* load or RyR Ca®* release. However, in our
experiments these effects were accompanied by a reduction of spark frequency and spark

2 R4496C/WT

amplitude in Iso-treated RyR cardiomyocytes.

RyR channels in adult ventricular as well as in hIPSC-cardiomyocytes show Ca®" sensitivity?*®

and the open probability of a channel is critically dependent on the local [Ca®"]*

meaning
that the probability to trigger a Ca®* spark is oftentimes not due to increases in either bulk
cytoplasmic Ca** concentration or SR Ca** content but rather to changes in microdomain Ca?*
228 Hence any process increasing the local [Ca®'] near the cytoplasmic domain of a RyR
increases its open probability and thereby the probability of spark production reflected by a

high spark frequency. However, to really trigger a full-blown Ca** spark, a single RyR first has

to recruit multiple near neighbors®’. Under high microdomain Ca®*, spontaneous Ca** from
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one spark can in turn recruit nearby RyR clusters thereby triggering additional saltatory sparks
from the second firing site, RyR2 clusters that are active and fire Ca®* sparks (Fig. 32(A)
untreated). This spark-induced spark activation can in turn provoke multiple sparks, called a
macrospark®® by near-synchronous activation of multiple adjacent CRUs**°. Of note, the
channel activity of WT-RyR2 greatly differs from that of RyR2-R4496C in the setting of CPVT
126231 RyR2-R4496C is characterized by a hypersensitization to activation by cytosolic Ca®*.
Further, RyR2-R4496C is hyperactive meaning RyR2/49¢“WT cardiomyocytes present more firing
sites and a greater probability of these clusters to repetitively open. As a result, the spark
frequency is doubled in RyR2R*496/WT cel|g126,

A reduction of both Ca?* spark frequency and amplitude underlies the antiarrhythmic principle
of several compounds whose mechanism of action is oftentimes based on a direct modulation
of RyR2. Flecainide blocks RyR2 in its open state which is reflected in a reduced spark amplitude

and spark width®? whereas tetracaine blocks the open probability*

and decreases spark
frequency®**. Yet, the fact that kaempferol reduces both spark frequency and amplitude
analogously to efsevin makes it rather unlikely that MiCUps directly target RyR2. In this case,
two chemically distinct substances at the same time targeting different mitochondrial channels,
would both additionally show an off-target effect particularly on RyR2. Yet, since efsevin and
kaempferol both target the mitochondrial Ca** uptake complex, we assume that the effect seen
on spark frequency and amplitude is rather caused by their common mechanism of action,
enhanced mitochondrial Ca®* uptake. Ca** overload as in CPVT acts as a constant driving force
of RyR's hyperactivity and thereby of arrhythmogenic firing (characterized by an increased

frequency of sparks). And this is precisely where MiCUps intervene as game changers (as

described in depth in 5.1): Following MiCUp treatment, Ca** is increasingly aspirated from the
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microdomain by mitochondria and as a consequence, less Ca®* would be available in the close
vicinity of RyR2-R4496Cs to trigger spark-induced spark activation (Fig. 32(B) MiCUp
treatment) explaining the decrease in spark frequency. By resetting the high diastolic Ca* level
in the microdomain back to a more physiological [Ca®*] in the immediate vicinity of hyperactive
R4496C-RyR2s, MiCUps cut off these mutated channels from their excess Ca®* supply. In
addition to Ca®* spark frequency, the amplitude of a Ca®* spark increases with elevated [Ca?*],
where rogue Ca®** sparks can activate neighboring CRUs to form higher amplitude
macrosparks®%%®_ Vice versa, MiCUp application and mitochondrial Ca?* buffering is followed
by a reduced microdomain [Ca®*] where the majority of sparks are of smaller amplitudes as can
be appreciated from our experiments. The reduction in amplitude points to a local restriction
of sparks then incapable to recruit enough further sparks to eventually trigger a cell-wide
propagating Ca®* wave. Apart from an increased spark frequency and amplitude, spark width
and duration are important factors that act synergistically to promote spark propagation®. As
anticipated from our data in Iso-treated RyR2***¥“WT cardiomyocytes, MiCUps also modulate
these factors: less and shorter as well as narrower sparks whirl about in the cytosol. These
sparks are being buffered into mitochondria, before they even stand a chance to activate
neighboring RyR clusters and thereby to form diastolic Ca** waves. The reduction of spark
frequency and spark amplitude might further contribute to this suppressive effect of efsevin
on propagating Ca®* waves and indeed, we could demonstrate an antiarrhythmic effect of
efsevin on spontaneous waves. This is in line with findings from Huser et al. where a narrower
spread of Ca?* in PLN-knockout myocytes reduced the capability of one site of SR Ca®* release
to activate a neighboring site meaning a “reduced degree of cooperativity” among adjacent

SR Ca?®* release units which resulted in a reduction of Ca®* waves®?’.
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In contrast to Shimizu et al. where efsevin had no effect on spark frequency and amplitude, we
treated cells with 15 uM efsevin, a concentration that greatly exceeds the 1 uM applied by
Shimizu et al."®". Thus, a dose-dependent effect on sparks only apparent under the higher
concentration in our setting might be quite conceivable. Following this logic, a reduced Ca®*
spark frequency as well as a diminished spark amplitude would only become apparent at
concentrations somewhere above 1 uM efsevin. As a mechanistic explanation, 15 uM efsevin
in our experiments lead to a further enhancement of mitochondrial Ca®* uptake automatically
meaning a more drastic reduction of cytosolic Ca®*. Hence, only a few RyR2-R4496C clusters
can fire whereby spark frequency is reduced. In line with this notion, Shimizu et al. observed

that 10 uM of efsevin more effectively reduced spontaneous Ca®* waves than 1 uM.

5.3.2 Efsevin has no effect on spontaneous DADs, the immediate
trigger of arrhythmogenic APs

Propagating Ca®* waves triggered by sparks can activate NCX and the electrogenic exchange

of one Ca** ion for 3 Na* ions results in a transient inward current during diastole creating low

voltage oscillations™. These can trigger APs that ultimately induce ectopic excitations and

finally arrhythmia. We analyzed diastolic DADs of amplitudes above or identical to 5 mV during

the diastolic phase in patch-clamped RyR2R4%/\WT

cardiomyocytes (Fig. 17). The administration
of Iso revealed no increase in DADs as compared to vehicle conditions. Interestingly, treatment
with 15 uM efsevin did also not alter the amount of DADs >5 mV. It is important to note that

only suprathreshold DADs are arryhthmogenic to the extent that they might occasionally

trigger APs whereas APs themselves represent the severe arrhythmogenic event and are the
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final step towards arrhythmia. This becomes particularly obvious by the fact that DADs by
themselves are not capable of causing CPVT arrhythmia'*®. In our experiments, efsevin had no
effect on low amplitude oscillations of >5 mV but significantly reduced spontaneous APs. This
suggests that under treatment with efsevin, arrhythmogenic suprathreshold voltage
oscillations above a certain threshold (somewhere above 5 mV) that might eventually fire an
AP are blocked whereas DADs beneath that threshold (subthreshold DADs) that “cause no
further harm” can still fire and erupt. Our hypothesis is further substantiated by the fact that

other compounds reliably suppressing APs also show no effect on DADs in the RyR2R#496</WT

mouse model. K201 had no effect on the frequency of DADs'®

and also flecainide completely
abolished arrhythmogenic APs but did not suppress DADs*°. Unfortunately, the authors do
not give an indication as to why their substances only affect APs and not DADs. This is
presumably due to the fact that subthreshold DADs per se are not arrhythmogenic and that
the only important antiarrhythmic measure of a respective substance is a reduction of
spontaneous APs.

An APD prolongation promotes DADs by increasing intracellular Ca** loading®*’. The APD
prolongation attributable to efsevin observed in our murine experiments might therefore lead
to a slight increase of Ca** loading. RyR2***“VT cardiomyoycytes already present with a
tremendous cytosolic Ca** overload which can be rescued by efsevin application. However, in
a ,doubled” Ca?* overload situation as hypothesized in patch-clamped RyR2R*4%6/WT
cardiomyoycytes, efsevin in the applied concentration might encounter its limits of
antiarrhythmic efficacy. Therefore, we observe that efsevin is not able to reduce DADs. More

importantly, the amount of DADs is also not increased and a DAD under efsevin application is

seemingly less severe which explains the reduced amount of APs. Another possible explanation
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for the different impact of efsevin on DADs and APs might lie in efsevin's blocking effect on
Ca** spark propagation (as discussed in 5.3.1). Ca** spark propagation differs between sub-
and suprathreshold DADs with subthreshold DADs appearing as a burst of Ca®* sparks that
form a Ca®* ring around the cardiomyocyte periphery but do not trigger CICR in deeper
cytosolic layers. Contrastingly, in the case of suprathreshold DADs, the Ca** ring causes CICR
in deeper layers of the cytosol meaning the synchronized activation of a large number of sparks
which ultimately trigger an AP, Hence, the reduced amount of sparks under efsevin treatment
(reduced frequency) trigger a Ca®* ring that can only locally propagate (as indicated by a
reduction of propagating Ca®* waves) and promote subthreshold DADs. In contrast, a
synchronized activation of many sparks as seen under Iso treatment rather causes APs. These
principles are reflected in a significant reduction of APs with no effect of efsevin on

subthreshold DADs.

5.4 Efsevin's suppressive effect suggests SR Ca? overload as
causative for systolic arrhythmogenic events

SSCEs and EADs during systole were added to the repertoire of arrhythmogenesis in CPVT only
in the 2010s™"?% and EADs were more commonly accepted as causative for arrhythmias
associated with LQTS. SSCEs have the ability to trigger EADs with the rise of the Ca®* elevation
always preceding the onset of the afterdepolarization®®. Until now there is an ongoing debate
whether SSCEs result from a window current where LTCCs are neither activated nor completely
inactivated or from spontaneous Ca** release from the SR. While before, EADs were assumed

to arise from Ica. reactivation during the late phase of an AP, recent evidence suggests SSCEs
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to also originate from SR Ca®* overload. Interestingly, in the same study SSCE-positive
myocytes concomitantly displayed asynchronous diastolic waves indicative of SR Ca®* overload
and analogously DADs and EADs were present in the same ventricular regions during VT?%.
Hence, epicardial regions exhibiting systolic and diastolic arrhythmogenic events are well
correlated pointing to SR Ca?* overload as their common underlying mechanism. DADs on the
opposite are canonically caused by SR Ca?* release and resulting Iy is associated with cellular
Ca** overload®. DADs are more common at normal to high HR and especially under B-AR
activation. Yet, Iso is known to facilitate both EADs and DADs**° pointing to the possibility that
both pathological voltage oscillations might share the same mechanism?*'. Indeed, an increase
in cytosolic Ca®* accompanies EADs and DADs**. The work reported in this thesis contributes
to answer this unsolved dispute: as an important finding in this context, efsevin is able to also
suppress arrhythmic events during systole in addition to its antiarrhythmic effect on diastolic
events. Clear evidence is given of a suppressive effect of efsevin on SSCEs and a trend towards
a suppression of EADs which extends the previous finding that both arrhythmogenic events
might indeed result from Ca®* overload. This is in line with the finding from Horvath et al. that
EADs occur at positive voltages above the Ca** window current voltage range meaning the
window current is not responsible for EAD generation®?. Further, results from Kujala et al. also
support the emerging consensus on the role of NCX-mediated generation of EADs"’. Indeed,
NCX-mediated EADs and SSCEs would best explain the effect of efsevin not only on diastolic
but also on systolic arrhythmogenesis: in the setting of CPVT, cytosolic Ca** overload drives
the NCX in its reverse mode thereby driving arrhythmogenesis. Efsevin reduces the frequency
of Ca®* sparks and waves and thereby limits the amount of Ca®* available for reverse NCX. As

a result pathologic NCX activation is minimized and the amount of arrhythmogenic APs is
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decreased. Assuming that SR Ca?* overload is also the trigger of SSCEs, the overload
subsequently results in Ca®* leaking from the SR. This situation corresponds to our setting in
RyR2R#EMT mice where Ca?* spontaneously leaks from the SR due to the defective RyR2.
Regardless of the cause, both situations lead to spontaneous Ca®* release acting
arrhythmogenic: in the first case SSCEs occur, in the latter waves. Under efsevin-treatment, Ca**
from the SR is increasedly taken up by mitochondria (as described in detail in 5.1) leading to a
reduced occurrence of both Ca?* abnormalities. We therefore propose that efsevin reduces
both, diastolic waves and systolic SSCEs, by the same mechanism. Diastolic waves can trigger
DADs and SSCEs can trigger EADs. Assuming that SSCEs arise from Ca®* overload, the same
would apply to EADs. In fact, we observed a trend towards a reduction of EADs (Fig. 19).
Conclusively, our results with SSCEs and EADs clearly substantiate the hypothesis that systolic
and diastolic arrhythmogenic events indeed share SR Ca®" overload as their underlying
mechanism. The finding that CPVT patients harbouring mutations in RyR2 also present with
EADs indicates that these patients might be susceptible to both DADs and EADs"’. This makes
EADs another proarrhythmogenic event of interest in Ca** overload induced arrhythmia. In
contrast to efsevin, Verapamil only suppressed waves and not SSCEs termed “early release

"243 which further strengthens the highly promising effect of efsevin in Ca®* triggered

events
arrhythmia. Since EADs favored by catecholaminergic stimulation are believed to underlie

torsade des Pointes (TdP) and LQTS**, an expansion of efsevin treatment to these and other

arrhythmia syndromes seems conceivable.
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5.5 Translation to the clinic - Antiarrhythmic effect of MiCUps in
patient-derived CPVT cardiomyocytes

The antiarrhythmic effect of MiCUps on different Ca** abnormalities /n vitro and in our
RyR2R496CWT CPVT model /n vivo is very auspicious. Yet, promising antiarrhythmic agents are
frequently not effective when translated from preclinical mouse models to human patients
owed to interspecies differences. Striking differences exist between small animal models and
human cardiac physiology in particular with regard to beating rates, energetics, myofilament
composition, expression of key ion channels, cellular electrophysiology and Ca** cycling®*.
Therefore, human-based models are of particular interest in cardiovascular research.
Unfortunately, there is almost no opportunity to obtain healthy cardiac tissue or primary
human cardiomyocytes which are coincidentally derived from a CPVT patient. To partly bypass
these difficulties, we took recourse to a human iPSC-based CPVT model and administered
MiCUPs to cardiomyocytes from two CPVT patients. Unlike nonhuman animal models, iPSC
cardiomyocytes are of human origin and as such show Ca®" handling properties and
electrophysiological behavior according to the disease pathophysiology of human CPVT
patients®®. Strikingly, MiCUPs significantly reduced the frequency of Ca®* waves also in human
cardiomyocytes from both the RyR2%%“WT and CPVTU" """ hackground. In comparison to
RyR2%408YWT cells, wave-positive CPVTU"K™"" cardiomyocytes generated more Ca’* waves per
minute, indicative of the aggressive phenotype that ultimately caused the death of this patient.
The majority of patients presenting with a CPVT phenotype have a long history of arrhythmia
and sometimes of failed treatment options. Nevertheless, efsevin was shown to effectively
reduce spontaneous Ca?* waves in these cardiomyocytes comparable to those from RyR2-

mutant cells described above. We therefore propose enhanced mitochondrial Ca®* uptake to
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rescue cells regardless of the respective mutation causing cytosolic Ca** overload leading to

CPVT.

As a major drawback, iPSCs remain largely immature resembling fetal myocytes®*® as compared
to adult cardiomyocytes®*’ which show a mature Ca®** handling apparatus, T tubuli and
enlarged SR cisternae®*®. Moreover, they represent a mixed population of atrial, nodal-,

ventricular-like cells®*®

and even cells with an intermediate phenotype®*. Even though they
represent a heterogenous population of cardiac cell types, stem-cell derived cardiomyocytes
are unable to reproduce the complexity and functionality of an adult heart syncytium?
meaning that our iPSC-experiments do not compensate for clinical drug testing in humans.
Rather, we sought to evaluate our antiarrhythmic agents on cardiac cells as similar as possible
to primary human ventricular CPVT cardiomyocytes. Collectively, we clearly demonstrated that
MiCUps are potent antiarrhythmic substances also in cells from human CPVT patients. As such,
our experiments are not meant to supersede a direct application of MiCUps in human tissue

and individuals but as a perfect translational bridge paving the way to further preclinical (in

further animal species) and also to clinical drug testing (in human individuals).

56 MiCUps as a promising alternative to common antiarrhythmics?

5.6.1 A safe(r) way to fight arrhythmia in the absence of severe side
effects

Due to the fact that mitochondrial Ca** uptake proteins such as VDAC2 and MCU are

ubiquitously expressed, it could be assumed that the administration of MiCUps might be

accompanied by off-target effects which would hinder the further development towards a



146

medical application in human patients already at this stage. However, beyond the highly
promising antiarrhythmic effects of MiCUps, both applied substances were devoid of obvious
side effects which we could exclude /in vitro and in vivo at different levels in analogy to
arrhythmogenic events. We monitored triggered systolic Ca®* transients and APs as well as
different electrophysiological parameters from patch-clamped cardiomyocytes as well as
murine ECG parameters for possible adverse effects. Treatment with efsevin caused if any only
minor additional effects on myocytes of either genotype. In Shimizu et al., efsevin had no effect
on the amplitude and time to peak of paced Ca** transients'®'. This fits the notion that VDAC2
controls duration and diffusion of cytosolic Ca** in vicinity to Ca?* release sites to assure
rhythmic cardiac contractions. It therefore seems reasonable that the observed Ca®" uptake is
a local phenomenon between SR and mitochondria leaving global, cell-wide Ca** signaling
unaffected. Correspondingly, previous studies stated that a blockade of mitochondrial Ca®*
uptake has little impact on cytosolic transients®*?*°, Although no changes in cytosolic Ca** due
to enhanced mitochondrial Ca®* uptake were apparent in our experiments, long-term effects
on a potential cardiac redistribution of Ca®* and also a redistribution in other organs needs to
be evaluated.

Our experiments represent the very first /n vivo application of efsevin in a murine arrhythmia
model and therefore, its antiarrhythmic effect as well as an assessment of potentially harmful
effects of the synthetic substance on the living organism were of particular interest.
Beforehand, zebrafish embryos were incubated in 10 uM efsevin for 26 hours in our working
group without any undesired effects. Prior to the large scale experiment, we also excluded

potentially lethal or fatal side effects by /n vivo application of efsevin to RyR2“™"T [ittermates.
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Strikingly, none of the two WT mice, treated with 15 mg/kg BW efsevin per day showed any

side effects during the 8 day treatment period.

5.6.2 A safe(r) way to fight arrhythmia - Efsevin does not prolong
human APD and murine QT interval

Common antiarrhythmic drugs such as Na*, K* or Ca®* channel blockers act on plasmalemma
ion channels thereby directly intervening in and modulating the cellular AP. This leads to
common side effects of these therapeutics including changes in cardiac electrophysiology like
an acceleration or slowing of the cardiac depolarization and repolarization. These changes
underlie the positive antiarrhythmic mechanism of these drugs making them a double-edged
sword and sometimes not safe to use. Our results clearly demonstrate that efsevin significantly
reduces spontaneous APs, a highly promising outcome for the inhibition of diastolic
arrhythmogenic events. Thereby, efsevin does not change APDgy. However, efsevin prolonged
triggered APs by slowing “early” repolarization covered by APDso. This prolongation might be
caused by a direct interaction of efsevin with a channel active during repolarization in murine
cardiomyocytes. Repolarization in murine cardiac tissue is mediated by several different K*
currents (Ikiof, Iktos Iksiowt, Ikslowz and Ikss)>® and we therefore consider one or several of these
murine K* channels as very plausible candidate targets of efsevin leading to the observed
prolongation of APDs.

In the light of a future therapeutic application of efsevin in human arrhythmia, it was of
paramount importance to preclude the aforeseen effects of efsevin on human APs. Since

human repolarization is predominantly carried by the delayed K* currents Ik, and Iks, it would
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be preferable that the putative effect of efsevin on murine K* channels would not reflect in an
analogous modulation of I or Iks and human APD. Indeed, a previous study by Kim et al.
indicates that efsevin might not target Ix.. Whereas a complete I, block initially prolongs APD
to a sufficient degree to increase myocyte Ca* load and SSCEs®®®, SSCEs were even significantly
reduced by efsevin in our case. The major proarrhythmic correlate of prolonged repolarization
such as in bradycardia are EADs. We do not only see no proarrhythmic effect of this sort
induced by efsevin in RyR2**%“WT mice but the substance even showed a trend towards
reduction of the amount of RyR2R*%*“WT cardiomyoctes presenting with EADs. In fact, efsevin
did not alter AP kinetics in our experiments on human iPSC-derived cardiomyocytes as

184 Moreover, we precluded an effect of

performed by Prof. Michael Mederos y Schnitzler in
efsevin on the delayed K* current Ik, which is carried by hERG channels, in a heterologous hERG
inhibition assay in HEK293 human embryonic kidney cells that stably express hERG channels.
Efsevin did not block hERG activity at a concentration of 15 uM'®*. The FDA criterion for hERG-
positive drugs is defined as a half maximal inhibitory concentration (ICsp) < 1 uM and the known
hERG inhibitor dofetilide already displays hERG inhibition with an ICso of 0.01 uM, while efsevin
showed an ICso of 40.36 uM which is clearly above the criteria for inhibition. Besides, an
evaluation of a potential effect on human hERG channel precedes the application procedure
of every compound. This so-called hERG safety assay serves as a measure of side effects for
every future therapeutic and various actually effective substances are withdrawn from late
stage clinical trials due to perilous side effects caused by an action of the drug on hERG

251

channels®'. An inhibition of the associated Ik, current results in QT prolongation leading to a

potentially fatal TdP tachycardia. The fact that efsevin did not inhibit hERG is very promising
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regarding its further development towards a human therapeutic whose development would
not be discontinued at an early stage due to hERG block.

Though efsevin seems to directly or indirectly interfere with K* channels in isolated
cardiomyocytes thereby slightly delaying repolarization, the QT interval in ECG measurements

QRUEC/WT mice jn vivo. Yet, major effects as

remains unaffected by efsevin treatment in RyR
induced by many common antiarrhythmics seen on the electrophysiological level would entail
measurable effects /n vivo. These include for example a prolongation of the QT interval induced
by an inhibition of hERG channels. Accordingly, class III antiarrhythmics not only prolong the
AP by their K* channel blocking properties, but also tend to lengthen the QT interval.
Interestingly enough, QT lengthening is absent under efsevin meaning that the observed effect
on the prolongation of APDso does not spread out further and is not accompanied by any
alteration on ECG parameters /n vivo. Experimental conditions might come into consideration
to explain that the effect observed on the single cell level in cardiomyocytes /in vitro somehow
does not reflect in ECG parameters in the intact animal /n vivo. For example, the conscious
visual selection of cardiomyocytes of only ventricular origin before each patch clamp
experiment very likely resulted in a homogenous cell population for APD assessment, whereas
ECG measurements represent the QT data selection from the ventricular syncytium. This
assumption is supported by the notion from Babij et al. stating that the syncytial nature of the
ventricular wall can alleviate APD prolongation seen at the single cell level®? It is also possible
that non-physiological experimental conditions add to an APD prolongation and thereby to
the discrepancy between /n vitro and in vivo data in mice. Owed to our experimental setting,

murine cardiomyocytes stayed attached to the patch pipette under continuous perfusion

alltogether for up to over 1 hour. Thereby, efsevin was always washed in at the end of the
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recording following vehicle- and Iso+vehicle-treatment to eliminate falsification. A change of
this order is unfortunately not feasible since otherwise, artefacts of efsevin could eventually
contaminate the patch pipette while measuring cells that had actually not yet been treated
with efsevin. In contrast, human myocytes underwent only the two conditions of vehicle- and
efsevin-application and APs were measured with a fluorescence approach using Di-8-ANEPPS
which definitely represents a more gentle method.

Conclusively, if at all a channel is modulated by efsevin in murine RyR2R44%6</WT

cardiomyocytes,
this effect seems to either be restricted to mouse hearts or does if any play a minor role in
human repolarization so that APD-prolongation is not reflected in iPSC-derived
cardiomyocytes. Promisingly, the observed APD prolongation does not cause QT prolongation
in mice /n vivo. To draw a very promising conclusion from both findings, MiCUp treatment

could indeed represent a safe or safer way, strongly contrasting common antiarrhythmic drugs

that often bear proarrhythmic side effects due to APD and/or QT-prolongation.

5.7 Suitability of kaempferol as an antiarrhythmic therapy

We postulate that the enhanced Ca®* uptake into mitochondria induced by efsevin leads to an
accelerated cytosolic Ca®* clearance'™'. Thereby the diffusion of Ca®* inside the cytosol is
restricted which averts propagation of cytosolic Ca®* signals under Ca** overload. Our data
with kaempferol clearly support this concept with the MCU agonist seemingly exerting its
antiarrhythmic properties by the same mechanism. Treatment of cardiomyocytes with both
MiCUps led to a comparable spatial and temporal restriction of Ca?* sparks. Moreover,

kaempferol showed an antiarrhythmic effect in our /n vivo experiments. As a first step towards
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kaempferol as a treatment in human arrhythmia, we show convincing evidence here that
kaempferol drastically reduced or even completely abolished arrhythmogenic diastolic waves
in human-derived iPS cardiomyocytes from two different models of CPVT. The naturally
occurring substance kaempferol has many advantages as compared to efsevin, in particular
related to the fact that it is already characterized more precisely. Albeit kaempferol showed

highly promising effects in a plethora of diseases such as cancer'®2°*%% diabetes®**?*’, allergic

261 10262,263

asthma®?, brain injury®® and inflammation®® or dementia®®' and Alzheimer's , applications
in the cardiovascular field remain scarce'®'%, Generally, the amount of polyphenols present in
the diet is associated with a reduction in the risk for CVDs?"26*2%* For example, a meta-analysis
suggested that the consumption of polyphenol-rich foods and beverages can reduce the risk
of myocardial infarction and further studies confirmed these protective effects against
cardiovascular risk®®®. Yet, clinical trials were only carried out with foods and beverages
comprising of distinct polyphenols, where the exact nature of the contained active substances
remains largely elusive?®>?®®. Hence, studies with pure polyphenols to establish their role in the
prevention of CVDs are still elusive. To our best knowledge, our study represents the very first
application of kaempferol in an arrhythmia model where its antiarrhythmic effect is attributed
to the MCU agonizing effect. Mice administered with kaempferol for 3 days in our study
showed normal behavior and were devoid of significant changes of ECG parameters. In contrast
to efsevin, kaempferol is a naturally occurring substance and its /n vivo administration was
previously performed in numerous studies in mice and rats with no to only moderate
observable side effects. Various preclinical studies already proved the safety of kaempferol /n
vivor?-2%92¢7 1n these studies, kaempferol was administered intravenously, intraperitoneally or

orally to mice as well as rats with doses of up to 10 g/kg BW?* and for as long as 21 months®”’
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with no safety concerns existing. During the treatment of mice with 20 mg/kg BW kaempferol
for 3 weeks, vital parameters such as body, spleen or liver weight were not markedly affected?’.
Since high-dose kaempferol did not result in any clinical symptoms, Shih et al. propose

208 \We ourselves were also

kaempferol to be non-toxic, safe and applicable for clinical studies
able to preclude potential side effects of kaempferol even though the evaluation of kaempferol
plasma concentration is still pending. Yet, as a key issue, the pharmacodynamic and
pharmacokinetic profiles of kaempferol were successfully investigated in various studies in

different species®®

. Whereas the substance is characterized by a rapid clearance, an extremely
short half-life and a poor oral bioavailability after intravenous administration®®, its
bioavailability could already be improved by different approaches: Co-administration with

ethanol enhanced its oral bioavailability in rats®™

and packing of the flavonoid into
phospholipid complexes drastically improved its poor absorption and its pharmacological
activity?’?’2, These efforts clearly demonstrate that kaempferol has already made significant
steps regarding the improval of its bioavailability and thereby towards a therapeutic use as
compared to efsevin. Thus, an accordingly modified version of kaempferol might be
established as a cardiac therapeutic much earlier. However, for an improved efficacy of
kaempferol or at best to completely abolish arrhythmia in our experiments, the first step would
not necessarily be to radically modify the applied substance per se. Rather, modifications
should be made regarding application and dosage of the kaempferol applied in this study.
Firstly, kaempferol is not to the same extent susceptible to precipitation as efsevin. Hence, there
is not a corresponding limitation to increase its concentration /n vivo. Even without taking into

account efsevin'’s precipitation in the applied concentration, its dosage was further complicated

by the fact that it is only soluble in PEG-DMSO. As a further advantage, kaempferol is at least
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slightly soluble in water®”®, whereby the administered amount of kaempferol can be further
increased without considering constraints of the solvent (i.e. the maximum amount of DMSO
tolerable by the organism). In our 3 days /n vivo experiments, efsevin was already applied in
higher concentrations for a comparable antiarrhythmic effect as that observed with

kaempferol. A modification of the flavonoid or a different formulation (in analogy to*'%27)

might further boost its antiarrhythmic effect in a new set of in vivo experiments in RyR2R449%6</WT
mice, at best towards a complete prevention of arrhythmia such as shown for flecainide'’. A
further distinct benefit of the flavonoid in light of a prospective approval in human arrhythmia
is the fact that it has been extensively studied regarding its pharmacokinetics and
pharmacodynamics in different species. This would greatly accelerate the admission procedure
since some of the required examinations would become redundant just as it happened
previously with flecainide. Summarizing these aforementioned benefits and promising data
from our study, kaempferol clearly attracts greater hope regarding an earlier use in clinical

trials with human patients thereby implemented as an antiarrhythmic therapeutic with faster

success.

5.8 Optimization of efsevin towards clinical applicability

The primary substance used in this study is the newly identified VDAC2 modifier efsevin with
previously unknown pharmacokinetic and pharmacodynamic properties. Thus, efsevin does not
only have to undergo a series of tests in human patients for the development as a human
therapeutic, but before that also needs to be chemically improved. Thereby, a high

bioavailability and a long plasma half-life time are critical parameters for efsevin to eventually
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become druggable. To get a first impression about metabolism, tissue distribution and
absorption of efsevin, we analyzed blood plasma and urine as well as lyzed liver and heart
tissue from RyR2R*%WT mice treated with efsevin via a liquid chromatography-mass
spectrometry (LC/MS-MS) approach. Despite the extremely high sensitivity of the device,
efsevin was not traceable in any of the samples neither from mice treated with 15 nor from
mice treated with 62 mg/kg BW implying that the tissue concentration in heart and liver was
somewhat below the detection limit of 30 ng/L. During the process of metabolization, efsevin
undergoes a biotransformation into its metabolites which are unidentified to date and thereby
likely not detectable by the LC/MS-MS analysis tracking efsevin. Metabolization ensures that a
substance is made more readily water-soluble to improve its elimination via urine. Efsevin was
not detected in urine possibly indicating that efsevin can only be eliminated in very small
quantities and instead is accumulated somewhere inside the organism. Yet, a potential
deposition of efsevin in adipose tissue was excluded by the extraction of gonadal adipose
tissue from the abdominal cavity. A possible scenario to explain the absence of efsevin in urine
was a modification of the drug /n vivo before its elimination. A rapid conversion of the parent
compound into yet unknown metabolites after its successful administration would also explain
the disappearance of efsevin in blood, liver and heart. Preliminary results from our lab indeed
showed a rapid hydrolyzation of efsevin (within 10 minutes) in human liver microsomes?®’,
pointing towards the rapid ,disassembly” of efsevin yielding a metabolite or metabolites that
are still active causing the antiarrhythmic effect clearly observable in our experiments. The same
applies to kaempferol with an extensive first-pass metabolism in gut and liver after oral and
intravenous administration®®, Thus, an important matter will be the identification and

verification of efsevin's metabolites, particularly with regard to possible early originating
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metabolites still existing in plasma. Another possibility might lie in the fact that efsevin is only
poorly soluble at RT. Hence, we may speculate that the majority or even a large part of the
substance is insolubly retained inside the pump during the experiment and never even gets
close to murine plasma. In this case, the actual concentration of efsevin in murine plasma might
indeed range below 30 ng/L. According to the manufacturer, a precipitation of the substance
inside the pump cannot be ascertained retrospectively. In defiance of this, we cut open
minipumps from both treatment groups and encountered whitish clots and crumbs. Since there
were apparently more crumbs in efsevin-containing pumps, we consider a premature
precipitation of the substance to be an entirely probable scenario to explain why efsevin was
not detectable in blood plasma even at high concentrations. Further, efsevin might accumulate
in an organ or in organs other than the tissues we collected. In either case, the small amount
of efsevin that actually reaches the organism or tissue in the latter case was already efficient
pointing to an unbelievably good performance already below 30 ng/L. Even though we were
not able to detect efsevin following our successful /n vivo studies, its antiarrhythmic effect was
still clearly present. However, also in previous studies on this model a clear link between plasma
concentrations and the antiarrhythmic effects was never established: While several authors

234236275 other studies did not

present an antiarhythmic effect but do not present plasma levels
find an antiarrhythmic effect, though plasma concentrations were high enough to reach
effective /n vivo concentrations™®, In one of the studies dealing with the clear efficacy of an
undetectable substance, the authors specifically note this problem: Kaempferol is so rapidly
eliminated that effective concentrations at the site of action are apparently not reached making

it unclear how the anxiolytic-like effects that definitely are proven for the compound do

occur®®,
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Taken together, the actually used version of efsevin has a low stability and a relatively low
potency which is evident from its high ECso of 2.2 uM in HL-1 cardiomyocytes®’. Following a
successful optimization after appropriate chemical modification of efsevin, a higher affinity and
bioavailability might both increase its antiarrhythmic potency. If the modified efsevin might
then reach a similar concentration in the heart as its target organ as for example flecainide or

164,1 67)
I

Carvedilol (in it is plausible to assume that its potency might even increase towards a

complete suppression of arrhythmia.

5.9 Applicability of MiCUps in other Ca* induced arrhythmias as an
advantage compared to other explorative approaches

Despite the discovery of promising novel treatment approaches acting intracellularly at the
side of arrhythmia origin, the substances in large part present with considerable off-target
effects and to date only flecainide has recently emerged as a novel therapeutic for the routine
application in CPVT patients. The most researched explorative strategy to fight arrhythmia
through intracellular targets is a blockade of RyR to prevent excessive Ca?* spark activity.
Dantrolene was shown to significantly reduce spontaneous sparks and APs in iPSCs from a
CPVT patient with an underlying RyR2 mutation'’. The substance suppressed arrhythmogenic
Ca®* leak by stabilizing interdomain interactions and its antiarrhythmic effect depends on a
distinct conformational state of the channel only present in disease conditions®’®. Another
Rycal, the RyR2 blocker K201 (analog. JTV-519) showed inconsistent antiarrhythmic effects in
RyR2R#CWT mice. K201 could neither abolish B-AR-induced spontaneous APs in R4496C

cardiomyocytes /n vitro nor prevent VT in vivo™®. Higher doses prompt proarrhythmic effects
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and the use in clinical trials for the treatment of AF did not achieve satisfactory outcomes’.
Since K201 is a multichannel modulator that exerts a blocking effect on SERCA on resting
[Ca®*]c and affects further ion channels such as the LTCC?”/, Na* and K* channels?’8, another
Rycal with more specific stabilizing properties was developed®”®. The newly established agent

S107 enhanced the binding of FKBP to leaky RyR2s thereby inhibiting the Ca®* leak and was

2R2474S/WT 280

demonstrated to protect against fatal arrhythmias in RyR mice~". Accordingly, yet in
a Casg2-model of CPVT, an unnatural verticilide enantiomer was most recently shown to inhibit
RyR2 and attenuated arrhythmia /n vive?”>. Therapeutic approaches with a less equivocal action
on RyR2 channels are the B-blocker Carvedilol and the minimally B-blocking carvedilol
analogue VK-II-86. Both significantly reduced the duration of single RyR2 openings, abolished
occurrence and frequency of Ca®* waves and were found to prevent stress-induced VT in the
R4496C mouse model of CPVT /n vivo™. By directly modifying gating properties of RyR2, both
substances uniquely combine B-blockade and anti-SOICR activity. Analogous to flecainide, the
carvedilol analogue VK-II-86 proved more effective as a combined therapy with B-blockers
metoprolol or bisoprolol. Although a subject of controversial debate?®’, the aforementioned
Na* channel blocker flecainide beyond its action on Na* channels might represent another
blocker of RyR2 in the open state?*>?2?8 In summary, a therapeutic potential of RyR2 block
by Rycals remains controversial as antiarrhythmic action is counteracted by negative results.

In contrast to Rycals, MiCUps do not operate by stabilizing RyR in the SR (even though they
seemingly exert an additional effect on mutated RyR2 and Ca?* sparks) but by increasing
mitochondrial Ca** uptake. Consequently, MiCUps circumvent directly fixing disease-causing

mutations on RyR2 but activate cellular Ca®* sinks in close proximity to the SR to buffer Ca®*,

thereby not being restricted to the treatment of arrhythmia solely caused by mutations in RyR2



158

or its associated proteins. Accordingly, efsevin was shown to rescue equally well from cytosolic
Ca®* overload caused by a NCX mutation in zebrafish or by exposure of murine WT

cardiomyocytes to high extracellular Ca** '@

. Furthermore, efsevin as well as kaempferol
demonstrated their antiarrhythmic potential in murine and human cardiomyocytes with RyR2
mutations where overload is caused by a leaky channel and in cardiomyocytes derived from a
CPVT patient with a yet unknown mutation causing excessive Ca®* waves. Even though we lack
results from further arrhythmia models, the latter suggests that the antiarrhythmic effect of
MiCUps might indeed be mutation-independent which could be particularly useful in the case
of cardiac diseases of unknown etiology with currently no approved treatment. This is what
happened with flecainide, which was recently shown to act mutation-independent?®* and which
was successfully implemented in genotype-negative patients where conventional therapy was
ineffective against VT'®, Yet, as a major drawback, the efficacy of flecainide is lowered by Ca?*
overload. Hence, flecainide no longer reduced Ca** waves /n vitro already at 4 mM Ca®* in
Casq2”" and RyR2R“WT cardiomyocytes®®. As a highly promising benefit in this context,
Shimizu et al. could demonstrate that efsevin was still able to inhibit Ca®* waves in WT
cardiomyocytes treated with an external Ca®* concentration of as much as 10 mM'®". Moreover,
MiCUps exerted a highly promising antiarrhythmic effect /n vivo in R4496C mice treated with a
stress challenge of 2 mg/kg adrenaline and 120 mg/kg caffeine. As a major disadvantage of
flecainide, its efficacy is reduced by an exposure of mice to an analogous catecholamine
challenge. It is thus quite conceivable that in the future MiCUps might be applied in forms of
CPVT where flecainide is not as effective due to its dependency on the concentration of

extracellular Ca®* and other substances.



159

Even though CPVT is not very widespread in the population with an estimated 1 person in
10.000 affected, data from Shimizu et al."®' combined with previous work from our group and
especially the results obtained in this thesis strongly suggest the beneficial action of MiCUps
to be a more general principle. It is likely that efsevin and kaempferol are effective for the
treatment of cardiac arrhythmia associated with cytosolic Ca®* overload regardless of the
underlying mutation or if the condition is hereditary or acquired. To further underline the
mechanism of action to be universally applicable in Ca®* induced arrhythmia, the two
aforementioned MiCUps could initially be tested in different CPVT ,forms” other than CPVT1
with different affected proteins such as for example Casqz2. Following this, it is quite conceivable
to further expand the therapeutic paradigm of enhancing mitochondrial Ca®* uptake to other
types of arrhythmia associated with disturbances in intracellular Ca®* signaling such as AF as a
very common condition. Mortality associated with AF was doubled from 1990 to 2010%®° clearly
indicating that there is an urgent need for effective therapeutic interventions. A beneficial effect
of enhanced mitochondrial Ca** uptake in the treatment of AF could be anticipated not only
since efsevin was previously shown to restore cardiac contractions in tre zebrafish suffering
from cardiac fibrillation of the atria''. Just as CPVT, AF is accompanied by elevated cytosolic
Ca** levels following an increase in SR Ca®" leak. The elevated intracellular Ca®* levels and
increased RyR2 activity result in increased EADs?***’, Certain RyR mutations associated with
CPVT also predispose to AF?#%2%% and so, future research will be directed towards an application

of MiCUps in these and further disease entities.
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510 Conclusion

It was previously shown that efsevin exerts an antiarrhythmic effect in tre zebrafish, where
aberrant intracellular Ca®* handling leads to cardiac arrhythmia due to a mutation in NCX. This
was further endorsed by the effect of efsevin on spontaneous Ca?* waves in murine WT
cardiomyocytes exposed to high extracellular Ca** as an arrhythmic stimulus. Our experiments

in murine RyR2R#496C/WT

cardiomyocytes in particular serve as a proof of principle that activation
of mitochondrial Ca** uptake with MiCUPs represents a highly promising therapeutic approach
to treat arrhythmias in an animal model of CPVT. In the arrhythmic setting of CPVT, mutated
RyR2 channels spontaneously leak Ca®* in form of Ca®* sparks into the cytosol leading to spark-
induced spark activation and cytosolic Ca®* overload (Fig. 32 (A) Untreated) which initiate CPVT
arrhythmogenesis ultimately resulting in arrhythmia. We demonstrated that the antiarrhythmic
effect of enhanced mitochondrial Ca®** uptake already intervenes at the early, most
fundamental Ca* release events of sparks. Efsevin as well as kaempferol blocked spark-induced
spark activation and reset the high diastolic [Ca®*] in the microdomain back to a more
physiological level (Fig. 32 (B) MiCUp treatment) whereby less mutated RyR2s were at all able
to trigger neighboring RyR channels. As a consequence, less Ca®* was available for
spontaneous waves to propagate through cardiomyocytes. This antiarrhythmic principle recurs
throughout more expansive arrhythmogenic events from spontaneous APs up to VT arrhythmia
concerning cardiac tissue as a whole. However, efsevin not only proved effective to reduce
spontaneous diastolic events but also exerted a suppressive effect on systolic arrhythmogenic
Ca** elevations that only recently accrued to the repertoire of disease-causing events in CPVT.

In a translational approach, MiCUps could also proof their highly promising antiarrhythmic

potency in human iPSC-based cardiomoyctes from two different CPVT patients (RyR2>*%°H/WT
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and CPVTY“™  As another highly promising finding strongly contrasting common
antiarrhythmics, MiCUp treatment /n vitro and in vivo revealed no severe side effects.
Summarizing the above, our findings with efsevin and kaempferol prepare the ground for the
introduction of MiCUps as a new class of antiarrhythmics for the prospective treatment of
human, Ca®* induced arrhythmia regardless of its molecular origin. With efsevin and
kaempferol, we applied substances targeting only two proteins out of an entire protein
complex in mitochondrial membranes implicated in Ca®* uptake. Therefore, future research
should be aimed at testing an antiarrhythmic effect of compounds with the highest possible
efficiency targeting the auxiliary MCU regulators MICU1 and 2, MCUb, EMRE or MCURT as

promising further candidate proteins.
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Fig. 32 Mechanism of action underlying the antiarrhythmic effect of MiCUps.

(A) In the untreated CPVT cardiomyocyte, mutated RyR2s spontaneously leak Ca®* from the SR leading

to a saltatory activation of adjacent RyR2s. The Ca** builds up as a Ca®* wave which propagates through

the entire cell and eventually triggers NCX resulting in EADs or DADs. Suprathreshold DADs can trigger

spontaneous APs which are causative for full-blown CPVT arrhythmia. (B) MiCUps enhance the

mitochondrial uptake of Ca®* that would otherwise favor arrhythmogenic signals. As demonstrated

herein, MiCUps exerted antiarrhythmic effects on almost every single step of CPVT pathogenesis (pink

arrows indicate significant reduction of arrhythmogenic or arrhythmic event), but can already intervene

as early as in the most fundamental event of Ca®" sparks, representing the very basis of CPVT

pathogenesis.
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