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Introduction

1 Introduction

1.1 Physiological and pathophysiological excitation in the heart

1.1.1 Physiological heart function

The heart’s function is to enable a steady supply of oxygen and nutrients to all organs and tissues by
generating blood flow with sufficient pressure, which can be rapidly adapted to changing needs. This
adaptation is accomplished by the heart’s intrinsic morphological and functional characteristics, as well

as higher regulation via the autonomous nervous system.

The mammalian heart is comprised of two atria and two ventricles. The right atrium receives blood
enriched in CO; and depleted of oxygen from the venous part of the systemic circulation and provides
it to the right ventricle. The right ventricle pumps the blood through the pulmonary artery into the
lungs, where the gas exchange happens to remove CO, and oxygenate the blood. Oxygenated blood
then flows into the left atrium and from there into the left ventricle, which pumps the blood through

the aorta into the arterial part of the systemic circulation, thus supplying the body with oxygen.

A heartbeat consists of two phases: diastole and systole. The myocardium is relaxed in diastole and
the pressures in the ventricles are low. When the pressure in the ventricles falls below that of the atria,
the atrio-ventricular valves open and the ventricles fill with blood passively due to a shift of the cardiac
valvular plane and the pressure difference to the atria. Atrial contraction completes the filling of the
ventricles. Atrial contraction is followed by the ventricular contraction, which marks the systole.
Pressure rises in the ventricles until it exceeds the pressure in the aorta (in the left ventricle) or the
pressure in the pulmonary artery (in the right ventricle). At this point blood is ejected from the
ventricles. Typically, in humans at rest, systole lasts approx. 300 ms, while diastole lasts 600-700 ms.
Both are dependent on the heart rate, and can shorten at higher frequencies, with the diastolic interval

shortening more drastically than the systolic interval.?

1.1.2  Electrical activation of the heart

In order to ensure a coordinated heartbeat, the heart has to follow a specific pattern of electrical
activation (Fig. 1A). The sino-atrial node (SA node), located in the dorsal right atrium, is the heart’s
pacemaker. Its cells spontaneously depolarize during diastole due to the opening of the non-selective
hyperpolarization-activated cyclic nucleotide-gated cation channel 4 (HCN4) until the threshold
membrane potential for the opening of voltage-gated calcium channels (Ca,1.2, CACNA1C, lcal) is

1



Introduction

reached, which induces an action potential®. Because cardiac cells are electrically coupled via gap
junctions, the electrical activation of the SA node spreads through the atrial tissue, represented on an
electrocardiogram (ECG, Fig. 1B) by the P-wave. The excitation then reaches the atrio-ventricular node
(AV node), located at the junction of the right atrium and the ventricular septum. In the structurally
normal heart the AV node is the only electrical passage from the atria to the ventricles, as a fibrous
cardiac skeleton otherwise insulates them by spanning around the atrio-ventricular valves as well as
the pulmonary and aortic valve. The AV node’s slow conduction (~0.05 m/s) delays the electrical signal
transmission until the filling of the ventricles is complete. This delay is visualized in the ECG as the PQ

interval.

The excitation is conducted from the AV node into the ventricles via the ventricular conduction system.
The conduction system consists of the bundle of His and the bundle branches, which are surrounded
by a fibrous layer and located in the ventricular septum. From there, the excitation is transmitted to
the Purkinje fibers, which span along the subendocardium at the lumen of the ventricles. The
conduction system cells are characterized by a high density of voltage-gated sodium channels (Na,1.5,
SCNS5A, Inz) and gap junction proteins, which leads to a fast conduction velocity (2-4 m/s)®. The
excitation further spreads through the myocardium of the ventricular wall and to the epicardial surface
with a lower conduction velocity (~0.5 m/s). The propagation of the electrical excitation through the

ventricular wall is represented on the ECG as the QRS complex*.

An important characteristic of ventricular cardiomyocytes is their long-lasting refractory period. This
refractory period is essential to ensure that each sinus beat only triggers one distinct beat of the heart
and the heart then goes back to its resting state during diastole, which is necessary for complete blood
ejection and refilling of the heart. The repolarization of the action potential through the ventricular
wall, seen in the ECG as the T-wave, happens from the endocardium to the epicardium due to a
prolonged action potential duration (APD) in the endocardial cardiomyocytes. The QT duration
presents an essential marker for the cardiac refractory period, which is determined by the APD of the
ventricular cardiomyocytes. In long QT (LQT) syndrome a prolongation of the APD in ventricular
cardiomyocytes and, thus, prolonged QT interval leads to an increased arrhythmogenic potential. The

underlying mechanisms of which are further discussed in Chapter 1.1.5.
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Figure 1: Electrical activation of the heart (adapted from Monfredi et al., 2010°).

A) Schematic of the heart (left) with typical action potentials in the different anatomic regions (right);
B) Schematic of a human surface ECG with connotations of the main phases of the electrical
conduction: P-wave: atrial activation, QRS complex: ventricular activation, T-wave: ventricular
repolarization.

1.1.3  The action potential of ventricular cardiomyocytes

Aventricular cardiomyocyte has a resting membrane potential of -85 mV® maintained by the potassium
current I through the inward rectifier potassium channel (K;;2.1, KCNJ2)’. In a regular beat, the
cardiomyocyte is excited from a neighboring cell — either by another ventricular cardiomyocyte or by
a Purkinje cell — via gap junctions. Gap junctions are pores located at the intercalated disks between
two cardiomyocytes permeable for ions and molecules <l1kDa. Gap junctions are comprised of
connexins, of which six together form a hexagonal hemichannel — the connexon - in the cell

3
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membrane. Two hemichannels of two adjacent cells then form a gap junction. The most abundant
connexin isoform in ventricular myocytes is connexin 43 (Cx43), while the conduction system has
higher expression levels of connexin 40 (Cx40) and connexin 45 (Cx45)8. The higher conductance and
transcellular voltage sensitivity of Cx40 compared to Cx43 contributes, in addition to the higher
expression of Na,1.5 and gap junction proteins, to the faster conduction in the specialized conduction

system compared to the working myocardium®,

The initial small depolarization through gap junctions leads to the opening of Na,1.5 channels %1,
resulting in an action potential with a very fast upstroke of approx. 150 mV/ms to approx. +20 mV
(phase 0, Fig. 2)*. This fast upstroke of the action potential is made possible by the block of K;;2.1 by
the biogenic amine spermine at membrane potentials above -50 mV*2, Additionally, at -40 mV Ca,1.2
channels — also referred to as L-type calcium channels (LTCC) — open, which further depolarize the cell
and due to their long-lasting current are also responsible for the plateau phase of the action potential
(phase 2)%. Sodium channels, on the other hand, are rapidly inactivated and stay in an inactivated
state for the plateau and early repolarization phase, during which they cannot reopen and therefore
create an absolute refractory period, where the cell cannot generate another action potential*®. The
absolute refractory period can be measured experimentally as the effective refractory period, which

is reported to be 220-260 ms in humans, while only 30-80 ms in mice?®.

In addition, voltage-gated potassium channels open during an action potential, leading to the efflux of
potassium and, thus, repolarization of the cell. Early repolarization from the action potential peak
(phase 1) is caused by rapid opening of transient outward potassium channels (lwoy, lios)'®. Opening of
delayed outwardly rectifying potassium channels combined with the closing of Ca,1.2 leads to the cell’s
repolarization (phase 3) and its eventual return to the resting membrane potential (phase 4). In
humans, the main delayed outwardly rectifying potassium channels responsible for repolarization are
I« (hRERG, KCNH2) and Ixs (K,LQT1, KCNQ1 and KCNE1)¥*8, The primary repolarizing currents in mice
are created by K,1.5 (lgsiow)>?° and 22, During the repolarization phase, the Na,1.5 channels return
from an inactivated to a closed state, which marks the time point of the transition from the absolute
to the relative refractory period. During the relative refractory period a strong stimulus can potentially
trigger another action potential, which, however, will be smaller in amplitude, have a slower upstroke

velocity and a shorter APD?2%,
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Figure 2: lonic currents during the action potential of a human ventricular cardiomyocyte (adapted
from Nerbonne and Kass, 2005%%).

A) Schematic of the phases of a typical human ventricular action potential. B) Main ionic currents
(down: inward, up: outward) with corresponding ion channels for sodium, calcium and potassium
fluxes.

1.1.4 Excitation contraction coupling and calcium-induced calcium release

The basis for the contraction of a cardiomyocyte is a substantial increase in the cytoplasmic calcium
concentration. As described in the previous chapter, an action potential is accompanied by the opening
of Cay1.2 / LTCC (Fig. 3-1). Although the influx of calcium into the cell from the LTCC is only a smaller
fraction of the total cytoplasmic calcium increase, this triggers the opening of ryanodine receptors type
2 (RyR2), which are calcium channels located in the sarcoplasmic reticulum (SR) membrane (Fig. 3-2,3).
By this calcium-induced calcium release (CICR)?*® via RyR2 from the SR into the cytoplasm, the
cytoplasmic calcium concentration increases from approx. 100 nM to 1-2 uM. Calcium in the cytoplasm
binds to cardiac troponin c (cTn C), which is bound to tropomyosin along the thin actin filaments (Fig.

3-4), leading to a conformational change, thereby making actin binding domains accessible to myosin



Introduction

heads on the thick myosin filaments. The cross-bridge cycle of actin-myosin binding then leads to the

contraction of the cell.

CICR is optimized by the localization of the LTCC and the RyR2 within couplons in close proximity (~15
nm) of each other?®%, For this, the plasma membrane of a ventricular cardiomyocyte creates tubular
invaginations called transverse tubules (t-tubules). T-tubules span along the short axis of the cell at the
z-disc of each sarcomere and build functional units, called dyads, with the junctional SR (jSR), rich in

RyR2.

At the end of the contraction, calcium is transported back into the SR by the sarco/endoplasmic
reticulum Ca?*-ATPase 2a (Serca2a; Fig. 3-5a) and out of the cell by the sodium calcium exchanger
(NCX) in exchange for three sodium ions (Fig. 3-5b). In humans approx. 70 % of calcium ions are
transported into the SR, while in mice up to 90 % are transported into the SR?. Calcium within the SR

lumen binds to calsequestrin 2 (Casq2), which acts as a calcium buffer®.
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Figure 3: Calcium-induced calcium release.

Schematic of a calcium release unit of a ventricular cardiomyocyte. When LTCC opens, calcium enters
the cell (1) and binds to RyR2 at the jSR (2). This leads to opening of the RyR2 and calcium efflux from
the SR (3). Calcium binds to cTn C, which induces contraction (4). Calcium is transported back into the
SR by Serca2a (5a) or out of the cell by NCX (5b). During diastolic calcium leak, calcium is released into
the cytosol by RyR2 (6) and is subsequently exchanged for 3 sodium by NCX (7), causing a diastolic
depolarization of the cell.

1.1.5 Mechanisms of ventricular arrhythmias

Arrhythmias are deviations of the heart from its regular beating rhythm. Arrhythmias can result from
abnormal automaticity of cells inside or outside of the SA node or can be caused by aberrant

conduction in the cardiac tissue.

One common way to categorize arrhythmias is by their place of origin. SA nodal dysfunctions can result
in decreased (<60 beats per minute (bpm); bradycardia) or increased (>100 bpm; tachycardia) heart
rate with otherwise normal conduction. When the SA nodal frequency is too low, the AV node can
overtake the ventricular excitation as a secondary pacemaker with a lower intrinsic, spontaneous
frequency (40-50 bpm). In extreme cases the conduction system or ventricular cardiomyocytes can

also spontaneously depolarize, but with an even slower frequency (20-40 bpm)?.
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When an abnormal, fast pacemaker or conduction is situated in the atria, it is defined as an atrial
arrhythmia. Atrial flutter is an abnormally fast contraction of the atria caused by reentry mechanisms,
while atrial fibrillation is an irregular, fast reentry excitation of the atria hindering a coordinated
contraction. Junctional arrhythmias originate in the AV node or the conduction system. They are
characterized by an increased frequency of the QRS complex without a preceding P-wave, but with

otherwise normal QRS morphology and duration®®.

In the case of ventricular arrhythmias, the arrhythmia’s origin lies in the ventricles. Ventricular
tachycardia (VT) is the autonomous beating of the ventricles at an increased frequency compared to
the regular sinus rhythm and typically shows a deformed QRS complex with increased duration. VTs
can either be triggered, whereby automaticity of an ectopic pacemaker in the ventricle triggers fast
pacing of the ventricular myocardium, or reentrant, whereby an excitation wave is continuously

propagated through the ventricular tissue3!.

Triggered VTs are periods of fast-paced spontaneous extrabeats generated by cells with an increased
spontaneous rhythm, which can be caused by different forms of ionic imbalances leading to cell
depolarization. This depolarization in ventricular cardiomyocytes can be divided by the time of
occurrence into early afterdepolarizations (EADs) and delayed afterdepolarizations (DADs). EADs occur
during the repolarization phase of the action potential. They are usually the result of a prolonged APD,
for example, due to decreased repolarizing potassium currents as seen in LQT syndrome 1 and 2, which
are caused by loss-of-function mutations in KCNQ1 and KCNH2 respectively, or increased late calcium
or sodium currents in LQT syndrome 3, caused by gain-of-function mutations in Ca,1.2 and Na,1.53%%,
DADs are spontaneous depolarizations during the diastolic interval due to calcium leak from the SR via
RyR23* (Fig. 3-6). The diastolic increase in calcium in the cytosol activates NCX, which transports one
calcium ion out of the cell in exchange for three sodium ions, generating a depolarizing current into
the cell®® (Fig. 3-7). The activation of a single cluster of RyR2 and a subsequent local, subcellular release
of calcium is referred to as a calcium spark®. However, a more synchronous fast calcium release
throughout the cell is needed for a DAD to depolarize the cell up to its threshold potential and thereby
trigger an action potential®*?’. Moreover, on a whole organ level, it is not sufficient for one cell to
generate an action potential, because the surrounding cells, coupled by gap junctions, form an
electrical sink, silencing the active cell. For a premature ventricular contraction (PVC) to be generated
either by EAD or DAD, multiple cells have to be depolarized synchronously. A mathematical model by
Xie et al. estimated 700,000-800,000 cells are required to synchronize in a healthy 3D tissue to

generate a PVC%®,

The onset of a reentry VT is usually an ectopic activity in the ventricle causing a PVC. This PVC can be
generated like in triggered VTs by EADs or DADs. The excitation wave then continuously propagates

8
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and repeatedly re-excites the tissue. For a spiral wave to be created and sustained, the propagating
tissue needs specific electrical characteristics. In an anatomical reentry arrhythmia, the excitation
wave is sustained by propagation around an anatomical obstacle, such as fibrotic or necrotic tissue as
it occurs in heart failure or after myocardial infarction. A simple representation of this would be a ring-
like structure of excitable tissue (Fig. 4A). In this ring-structure, a reentry can occur when the wave
front is separated by its refractory tail by a gap of excitable tissue. In other words, the wavelength,
which is the spatial extension of tissue currently displaying an action potential, must be shorter than
the ring’s circumference. The wavelength can be defined as the product of the refractory period and
the conduction velocity. The refractory period can be directly correlated to the APD, while the
conduction velocity is dependent on several different factors, such as excitability of the tissue, action
potential upstroke velocity and connectivity via gap junctions®>#°. A shortening of the wavelength is
proarrhythmic as it becomes more likely to be able to induce reentry. Therefore, slower conduction
velocity and shorter APD are both generally considered proarrhythmic due to a shortening of the
wavelength. Seemingly contrary to this, conditions that prolong APD, such as LQT syndrome, are also
proarrhythmic. This is explained by an increased likelihood of EADs and PVCs during the prolonged
refractory period. In the ECG, the QRS complex resulting from a PVC during repolarization occurs during
the previous T-wave. Therefore, it is also referred to as an R-on-T phenomenon. During the refractory
period the cell is still partially depolarized and not all sodium channels are available in a closed state.
The reduced sodium current reduces the upstroke velocity and thus slows conduction of the R-on-T
PVC. A reduced calcium current by voltage and calcium dependent inactivation of Ca,1.2*! leads to a
shorter APD. Therefore, the wavelength of an R-on-T PVC will be shortened. Moreover, tissue during
this time window often displays increased heterogeneity as different parts of the ventricles are in
different stages of refractoriness. Thus, PVCs in this time window lead to a higher dispersion of APD
and conduction velocity. The combination of the shortening of the wavelength and the increased

heterogeneity of the tissue make R-on-T PVCs especially likely to induce functional reentry VTs.

As opposed to anatomical reentry, a functional reentry VT occurs without an anatomical obstacle.
Different models have been suggested to explain the sustained propagation in a functional reentry.
One early model was the leading circle hypothesis, in which a circular excitation wave rotates around
a tissue core that is continuously refractory by a centripetal excitation wave front from the circular

excitation around it (Fig. 4B)*2.

Today the most common explanation for functional reentry, however, is the generation of rotors*4,

In a rotor the excitation wave is curved, so that the APD decreases towards the center and the wave
front and wave tail meet in the center of the rotor, thus creating a singularity around which the wave

rotates (Fig. 4C, D). In 2D, this rotor is typically referred to as a spiral wave. In 3D tissue like the
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ventricular walls, the core around which the wave rotates builds a so-called filament and the spiral

wave is referred to as a scroll wave (Fig. 4E)*.

m— \Nave Front '},
=== Wave Tail |
=P \elocity Vector

% Phase Singularity

Figure 4: Mechanisms of reentry VT (adapted from Pandit and Jalife, 2013%).

A) Schematic of a continuous excitation wave in a ring structure. Black indicates excited cells, white
resting cells, which form an excitable gap between the wave front (black arrow) and the wave tail. B)
Schematic of the excitation in the leading circle hypothesis for reentry VT with centripetal excitation
(arrows) building a refractory core. C) Schematic of a spiral wave with exemplary depictions of the
conduction velocity (arrows) and action potentials at different positions in the spiral wave (1-3); *
indicates the rotor core. D) 2D representation of a spiral wave; * indicates the rotor core. E) 3D
representation of a scroll wave.

The morphology of the propagation throughout the ventricle determines the complexity of a VT.
Triggered arrhythmias are typically monomorphic if generated by one focal activity (Fig. 5A) or
bidirectional if two alternating focal points cause alternating activity*®. Reentry VTs can have highly
variable complexity. The simplest form of reentry VT is a monomorphic arrhythmia, in which the
excitation circles around one stable, anchored rotor or filament (Fig. 5B). Polymorphic reentry VT
occurs if the rotor is unstable, meandering in the ventricular tissue, or if multiple rotors exist
simultaneously (Fig. 5C). Ventricular fibrillation (VF) is the most complex form of arrhythmia and also
the cause of most sudden cardiac deaths. In VF, there are no clearly identifiable rotors as the excitation

propagation appears as small, seemingly random wavelets throughout the ventricles (Fig. 5D). It is still
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under discussion in how far the wavelet formation in VF results from random propagation and wave

break, or if there could be an underlying stable high-frequency mother rotor that drives the VF#*,

A Triggered VT Monomorphic reentry VT
C Polymorphic reentry VT Ventricular fibrillation

|

Figure 5: Morphology of ventricular arrhythmias.

Schematic examples of ECG traces with corresponding depiction of excitation propagation in the
ventricles during triggered VT (A), monomorphic reentry VT (B), polymorphic reentry VT (C) and VF (D).
Arrows depict simplified excitation propagation. Black dots represent the point of origin for triggered
VT (A) or rotor cores for reentry VT (B, C).

1.1.6 Antiarrhythmic therapies

Several antiarrhythmic drugs are available for the treatment and prevention of cardiac arrhythmias.
Antiarrhythmic drugs in standard use can be classified by their mode of action according to the
Vaughan-Williams classification®¥°. Class | antiarrhythmic drugs are sodium channel blockers, which
are again subdivided into Class la — 1c, with different modes of action, effects on QT interval duration
and indicated application in different arrhythmias. Examples include quinidine (la), lidocaine (Ib) and
flecainide (Ic). They are primarily used in specific ventricular arrhythmia syndromes, such as Brugada
syndrome, and atrial fibrillation, but are contraindicated in post-myocardial infarction arrhythmia

prevention®!. Class Il antiarrhythmic drugs are B-adrenergic receptor (AR) blockers. B-blockers play an

52,53 54,55

essential role in sudden cardiac death prevention in heart failure and myocardial infarction
patients as well as hereditary catecholamine induced VTs by modulating multiple targets involved in
cardiac excitation as discussed in more detail in the following chapters. Class Ill antiarrhythmic drugs
are potassium channel blockers, e.g. amiodarone, which increase APD and the wavelength and, thus,

reduce the risk of reentry VTs by decreasing the excitable gap. Calcium channel blockers, such as
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verapamil, are class IV antiarrhythmic drugs mainly used for the treatment of supraventricular
arrhythmias. Inhibition of Ica mainly affects the depolarization rate in SA nodal and AV nodal cells and,
thus, reduces the heart rate and the AV node’s conduction velocity. In ventricular myocytes it

moreover prolongs the effective refractory period.

Antiarrhythmic drug therapy is often insufficient and catheter ablation or an implantable cardioverter-
defibrillator (ICD) are necessary to prevent or quickly terminate ventricular arrhythmias. In addition,
ICDs have been shown in multiple studies to reduce risk of sudden cardiac death more effectively than

antiarrhythmic drugs®®*’.

There are also a number of other antiarrhythmic mechanisms, which have been targeted by
antiarrhythmic drugs experimentally, but are not in clinical use, yet. Among these are for example gap
junction modulators as well as ryanodine receptor blockers®®. However, treating and preventing
cardiac arrhythmias remains a major challenge in current clinical practice. While a broad range of
antiarrhythmic therapies are available, their effectiveness varies widely in the different underlying
arrhythmic conditions. Depending on the underlying arrhythmic mechanism these therapies can even
enhance proarrhythmic effects. Therefore, research into the underlying mechanisms of arrhythmia
generation to develop novel drugs with high antiarrhythmic effectiveness and reduced adverse effects

is still necessary.
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1.2 Physiological role of the sympathetic nervous system in the heart

1.2.1 The autonomous nervous system in the heart

The autonomous nervous system regulates homeostasis and rapid adaptation to changing demands
within the body. It consists of two players: the parasympathetic and the sympathetic nervous system.
The parasympathetic nervous system is activated during rest and is primarily responsible for
homeostasis. It affects the heart by decreasing heart rate and slowing conduction of the AV node via

M2 muscarinic acetylcholine receptors and subsequent G; signaling™.

Its antagonist is the sympathetic nervous system (SNS), which is activated during exercise or stress and
is commonly associated with the ‘fight-or-flight’ response®. In the heart, activation of the SNS
accelerates heart rate (positive chronotropy) and the conduction of the AV node (positive
dromotropy). Furthermore, it increases contractile force (positive inotropy) and accelerates relaxation

(positive lusitropy).

Post-ganglionic sympathetic neurons penetrate the myocardium from the subepicardium and have
been found to typically run alongside the heart’s vasculature, spreading through the myocardium into
the endocardium®. Higher sympathetic innervation has been reported in the epicardium than the
endocardium®%%3, Sympathetic neurons display varicosities organized in a pearl-necklace structure
containing vesicles that release the neurotransmitter noradrenaline®. While it has been commonly
described that the neurotransmitter released from sympathetic neurons diffusely spreads between
nerve processes and receptor-expressing cardiomyocytes, new research suggests a prominent role of

direct, synapse-like interaction occurring between nerves and cardiomyocytes®°.

Noradrenaline binds to and activates ARs in the effector organ cells. Most of it is then re-taken up into
the nerve by the transporter uptake 1, while it is estimated that 10-20% of the released noradrenaline
spills over into the bloodstream®’. Besides spill-over from the heart, a substantial amount of plasma-
noradrenaline also comes from other organs, most notably the kidneys and skeletal muscle®’.
Moreover, adrenaline, as well as to a much lesser extent noradrenaline, is secreted from the adrenal
glands into the blood stream, through which it is distributed to its effector organs, including the heart

and the vasculature throughout the body.

Multiple ARs are differentially expressed throughout the body: alA, alB, alD, a2A, a2B, 1, B2 and
B3%. All ARs are 7-transmembrane G-protein-coupled receptors (GPCRs), belonging to the class A,
rhodopsin-like GPCRs®. While al1-ARs, for example found in vascular smooth muscle cells, are Gg/11-
coupled, a2-ARs are Gj,-coupled. However, the most prominent subtypes in the heart are the Gs-

coupled B1- and B2-ARs.
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1.2.2  Gssignaling in ventricular cardiomyocytes

The Gs-protein is a heterotrimeric guanine nucleotide-binding protein (G-protein), consisting of an a-
subunit (Gsa) and a By-subunit (GBy) (Fig. 6). In its inactive form, Gsa has bound guanosine-5'-
diphosphate (GDP). When the G-protein-coupled receptor gets activated, it promotes GDP exchange
for guanosine-5'-triphosphate (GTP), which leads to the dissociation of Gsa from GBy. As a result, free
Gsa activates adenylate cyclases (ACs), of which AC5 and AC6 are predominant in cardiomyocytes’®.
Activated AC catalyzes the conversion of adenosine-5'-triphosphate (ATP) to 3’,5’-cyclic adenosine
monophosphate (cAMP). The second messenger cAMP, in turn, binds to the regulatory subunits of
phosphokinase A (PKA), which releases its two catalytic subunits. PKA phosphorylates several effector
proteins in the ventricular myocardium. Phosphorylation of LTCC enhances Ic by increasing open
probability’®. RyR2 phosphorylation at S2809 increases its open probability and its sensitivity towards
calcium’*”3, Unphosphorylated phospholamban (PLN) binds to and inhibits SERCA2a. Upon
phosphorylation by PKA, PLN detaches from SERCA2a, which enhances and accelerates calcium re-
transport to the SR’#”>. Moreover, PKA also influences contraction and relaxation by phosphorylation

of cardiac troponin | (cTn I), cardiac myosin-binding protein C (cMyBP-C) and titin’®.

Another important downstream pathway of Gs-sighaling is the activation of Ca%*/calmodulin kinase I
(CaMKII) via PKA-mediated calcium increase as well as independently of PKA-activation via guanine
nucleotide exchange protein directly activated by cAMP (Epac)”’. CaMKIl also phosphorylates among
other targets the LTCC, the RyR2 and PLN””78, There is, of yet, debate whether an increased open
probability of the RyR2 is mainly mediated by PKA phosphorylation at S2808 (S2807 in mice) or PKA-
dependent CaMKIl phosphorylation at S2814 (52813 in mice).

The negative regulation and turn-off of Gs-signaling involve the hydrolyzation of cAMP catalyzed by

phosphodiesterases (PDEs) and the dephosphorylation of effector proteins by phosphatases.
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Figure 6: B-AR signaling in ventricular cardiomyocytes.

B-AR activation leads to AC activation via Gsa and subsequent cAMP production. cAMP activates PKA,
which phosphorylates a number of proteins involved in CICR and cell contraction, such as LTCC, RyR2
and PLN. B2-AR, while predominantly activating the Gs-signaling pathway, can also switch to G;-
signaling, which inhibits AC activity.

1.2.3  B-ARs in ventricular cardiomyocytes

In ventricular cardiomyocytes, all three B-AR subtypes are expressed. However, the most abundant
subtype is the B1-AR, distributed in the cytoplasmic membrane and the t-tubular system’98°, B1-AR
exclusively couples to Gs-proteins and, in healthy hearts, was found to be the major mediator of the

adrenergic response by increasing heart rate and contractile force.

B2-AR is found predominantly in the t-tubular membrane, where it is especially associated with
Caveolin-3-rich caveolae and lipid rafts®383, B2-AR is also mainly Gs-coupled, however, only a modest
increase in heart rate and very little to no effect on contraction can be associated to B2-AR in the
healthy heart®. The main role of the B2-AR seems to be activation of the LTCC, which has also been

found to be enriched in caveolae®>,
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This differential role of B1- and B2-AR might be explained by a number of different factors. One of
these is the aforementioned differential localization of the two receptors in the plasma membrane.
Another essential factor on the function of ARs is their modulation by phosphorylation. Both receptors
can be phosphorylated by G-protein-coupled receptor kinases (GRKs). This mediates the binding of B-
arrestin and the desensitization and internalization of the receptor®”. The most notable difference in
the phosphorylation of the receptors, however, is that f2-AR, but not f1-AR, upon phosphorylation by

PKA, can switch from Gs-signaling to Gi-signaling®, which inhibits AC.

Another factor is the interaction of the receptors with distinct scaffolding and downstream proteins,
such as PKA, PKA-anchoring proteins (AKAPs) and PDEs. For example, f1-AR has been reported to bind
to PDE4DS in an inactivated state and release PDE4D8 upon activation®. This mechanism might reduce
basal activity of the receptor, while promoting local cAMP increase upon agonist binding. Meanwhile,
B2-AR was found to bind B-arrestin upon activation leading to desensitization of the receptor and j3-

arrestin dependent recruitment of PDE4DS5 to the receptor, which limits local cAMP concentration®.

1.2.4  Subcellular regulation of Gs-signaling

The intracellular response to the Gs-stimulating signal is highly controlled in space and time by many
regulating mechanisms along the signaling cascade. As mentioned in the previous section, the first
level of signal regulation is the localization and modulation of activation of B-ARs. Nevertheless,
multiple other factors shape the response. In this regard, an important field of research is the
compartmentation and subsequent creation of subcellular microdomains of cAMP, the central second-

messenger in Gs-signaling.

PDEs are the main negative regulators of cAMP levels and are thereby thought to limit diffusion and
create cAMP microdomains®. In cardiomyocytes there are six different PDE families expressed (PDE1,
PDE2, PDE3, PDE4, PDES and PDE8), which additionally consist of multiple isoforms. PDE1, PDE2, PDE3,
PDE4 and PDES are capable of hydrolyzing cAMP, while PDES5 is 3’,5’-cyclic guanosine monophosphate
(cGMP) specific. Each PDE displays specific expression patterns, activity regulators and localizations in

the cardiomyocytes, which depend on the PDE’s differential interplay with its binding partners®°3,

PDE1 is activated by Ca%*/calmodulin and is suggested to mostly regulate cGMP levels. The role of PDE1
in cardiomyocytes is still under discussion, but loss-of-function, as well as inhibitor studies, suggest a
protective role against adrenergic induced hypertrophy®. PDE2 is stimulated by cGMP, thereby
lowering cAMP levels through nitric oxide induced cGMP production®®, It is situated at the plasma
membrane and is thus an important regulator of LTCC phosphorylation®”. PDE3 is a main down-

regulator of the Gs-induced inotropic effect by modulating PLN phosphorylation and thus SERCA2a
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activity and SR calcium uptake®. While PDE3 inhibitors are used to treat acute HF, long-term use is
associated with increased mortality®. In relation to this, chronic downregulation of PDE3 was shown
to increase cardiomyocyte apoptosis in a pressure-overload mouse model*®. PDE4 has multiple
isoforms expressed in cardiomyocytes with distinct localizations due to interaction with anchoring

proteins such as AKAPs and myomegalin®1%

. PDE4AD for example associates together in a
macromolecular complex with mAKAP and RyR2 in the space between the T-tubule and the jSR1%31%4,
PDE4 regulates RyR2 phosphorylation, lxs phosphorylation!® and is directly associated with B1-AR,
which regulates local cAMP production at the receptor®. In heart failure and hypertrophic hearts, PDE4
is downregulated, which leads to RyR2 hyperphosphorylation associated with increased diastolic SR
calcium leak and VT incidence!. PDES is a cAMP-specific PDE also expressed in cardiomyocytes. PDES
knock-out led to higher increase of calcium-transients after B-adrenergic activation, as well as

increased incidence of calcium sparks®. PDES8 has also been found to be insensitive to the unselective

PDE inhibitor 3-Isobutyl-1-methylxanthin (IBMX)®2.

Another essential mechanism of regulation of Gs-responses is the control of phosphorylation levels of
target proteins, which phosphatases can achieve. Phosphatase 1 (PP1) as well as phosphatase 2A

(PP2A) are mainly involved in dephosphorylation kinetics in cardiomyocytes?7:108,
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1.3 Pathological role of the sympathetic nervous system

1.3.1  The sympathetic nervous system in heart failure

Heart failure occurs when the heart is unable to pump blood effectively enough through the body, e.g.
due to weakening or stiffening of the muscle. Heart failure is one of the most common diseases in the
elderly, often coinciding with hypertension, diabetes and coronary artery disease. The prevalence in
the overall European and US American population is estimated at 1-2%, with the prevalence increasing
in persons older than 65 years of age!®. The severity of heart failure can be determined according to
structural remodeling in the heart, severity of symptoms and limitations of activity according to the
American Heart Association stages A-D or the New York Heart Association Classes I-IV. It can be further
divided into heart failure with reduced ejection fraction and heart failure with preserved ejection

fraction'°,

As the SNS is an important regulator to increase cardiac output, early studies investigated whether
activation of the B-adrenergic system might benefit heart failure patients' outcomes. However, it has
been shown that long term pharmacological activation of B-AR signaling was detrimental for survival
of heart failure patients!*'2, On the contrary, inhibition of B-adrenergic signaling, either by B1-AR
specific inhibitors or unspecific B-AR inhibitors, was beneficial for survival, making B-blockers the

primary pharmacological therapies for heart failure®3113,

In order to maintain or increase output in failing hearts, the SNS is activated and neuronal growth
factor expression is increased, leading to hyperinnervation!!*. These changes can be indirectly
measured by plasma-noradrenaline levels, which in heart failure patients can be increased at rest up
to maximal exercise levels in healthy humans'>%6, Even though this can initially and acutely conserve
cardiac function and output, long-term hyperactivation of the SNS seems detrimental to disease
outcome because higher plasma-noradrenaline levels directly correlate to worse heart failure
prognosis'!’. On a cardiomyocyte level chronic B-adrenergic Gs-activation leads to hypertrophy and

apoptosisi®121,

A possible protective mechanism towards chronic activation of B-AR is a desensitization of the
receptors due to the phosphorylation by GRKs and subsequent binding of pB-arrestins to
phosphorylated B-ARs, which desensitizes the receptors by impairing G-protein-coupling and
promotes internalization?>!2, Regarding this, overall B-AR expression is reduced by approx. 40% in
human failing hearts, but B2-AR expression levels remain mostly unchanged!??. This might be a
protective mechanism, because [B2-AR activation has the potential to promote survival of
cardiomyocytes via coupling to G; instead of Gs*!. While these findings in mouse cardiomyocytes
indicate a cardioprotective role of f2-ARs, this mechanism has not been clinically explored. Moreover,
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there are also studies in mice indicating a detrimental effect of B2-AR in heart failure. Although
expression levels of B2-AR do not change compared to healthy hearts, their localization does: instead
of being mostly confined to the t-tubules, B2-AR in failing cardiomyocytes are also found on the plasma
membrane’. A change in function accompanies this change in localization. While in healthy
cardiomyocytes, B2-AR stimulation had only a minor effect on calcium transients or contractile force,
in heart failure cardiomyocytes B2-AR stimulation induced an increase in calcium transients as well as
increased calcium load in the SR and PLN phosphorylation?*1%_ Interestingly, these changes in B2-AR
signaling were arrhythmogenic: B-AR stimulation induced arrhythmias in a rabbit heart failure model
as well as in cardiomyocytes obtained from human heart failure patients and were blocked by the 2-

AR blocker ICI 118,551,

In the further progression of heart failure, sympathetic denervation occurs, in which multiple
mechanisms seem to be involved: anatomical denervation due to a decrease in nerve growth factor
expression, trans-differentiation of adrenergic into cholinergic neurons as well as a functional

denervation by expression of fetal genes driven by leukemia inhibitory factor!.

Of particular research interest is the relationship of these changes in sympathetic activity on the
generation of arrhythmias. 30-50% of heart failure deaths are due to sudden death from lethal

126127 ‘making arrhythmia prevention one of the most important factors for the

ventricular arrhythmias
survival of heart failure patients. Both regional hyperinnervation and regional denervation, which also
occur after myocardial infarction, are proarrhythmic?®12%, A possible reason for this is that both overall
lead to increased heterogenous activation and promote dispersion of APD and conduction velocity
throughout the tissue. This is supported by experiments on left ventricular wedge preparations from
heart failure patients, where B2-stimulation specifically exacerbated a transmural dispersion of
calcium transient duration and APD'®, The same study also showed that B1- as well as B2-stimulation

increased Purkinje fiber automaticity in failing hearts. Overall, the role of local, heterogenous

activation of Gs-signaling in the generation of VTs remains a point of great interest in current research.

1.3.2 Catecholaminergic ventricular tachycardia

The SNS is not only implicated in the arrhythmia formation in structural remodeling, such as in heart
failure or after myocardial infarction, but also in several hereditary diseases, in which activation of the

SNS is directly responsible for generating ventricular arrhythmias.

One such hereditary disease, which will be part of the focus of this thesis, is catecholaminergic
ventricular tachycardia (CPVT). CPVT is a rare but highly lethal hereditary disease with an incidence of

approx. 1:10000 in the European population and a mortality rate of 30-50% by the age of 40 years if
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untreated®®%'31, Manifestations of CPVT are syncope or (aborted) sudden cardiac death caused by
ventricular arrhythmias upon emotional stress or exercise. The first symptoms usually occur in the first
or second life decade. The heart of CPVT patients is structurally normal and the resting ECG is
inconspicuous with a narrow QRS complex and a normal QT interval. The only manifestation that
regularly occurs during rest is a slight sinus bradycardia’3*!33, Upon exercise-stress test or adrenaline
infusion a high number of PVCs occur, which later typically devolve into bidirectional or polymorphic
ventricular arrhythmia®®2. An investigation of electrocardiographic characteristics by Sumitomo et al.
in 2003 reported 72% of VT episodes to be non-sustained, 21% to be sustained and 7% devolved from

polymorphic or bidirectional VT into VF34,

The first case of CPVT was reported in 19753, however, the first mutation linked to CPVT was only
identified in 1999 in the RyR213%137_ Shortly after, a second locus for CPVT was found to belong to the
Casq2 gene®®13° CPVT with RyR2 mutation or Casq2 mutation were termed CPVT1 and CPVT2,
respectively. CPVT1 makes up about 50% of CPVT patients, while CPVT2 makes up only 2-3% of cases
but shows higher mortality rates'*®. To date, there have been two other proteins identified as causes
for CPVT: triadin*® and calmodulin'**4? (with three genes CALM1, CALM2 and CALM3 all encoding an
identical protein), both of which make up less than 1% of cases'*. Almost 50% of clinically classified
CPVT patients could not yet be genetically linked to a gene. However, likely gene candidates are other
proteins associated with the RyR2, such as junctin, which like triadin associates with RyR2 and Casqg2
in the SR membrane, or the FK506 binding protein (FKBP12.6), which binds to the cytoplasmic side of
RyR2 and inhibits it!*4,

The general mechanism of VT induction in CPVT is an increased leakiness of the RyR2, which leads to
a release of calcium from the SR during diastole and thus the generation of a DAD as described in

Chapter 1.1.5.

CPVT1 has been linked to >50 different mutations in RyR2, that are mostly autosomal dominant. There
are three major concepts by which RyR2 receptor mutations increase the open probability of the
receptor (Fig. 7A-C). The first concept is that mutations impair the ability of FKBP12.6 to either bind to
the RyR2 or to inhibit the receptor during diastole, thus increasing the open probability of RyR2 during
diastole!*>%¢, The second concept is that mutations alter the receptor’s sensitivity to luminal SR
calcium and decrease the threshold of luminal SR calcium needed to open RyR2¥. The third concept
is that mutations cause a conformational change in the pore of the receptor leading to a so-called

‘unzipping’ and, thus, opening of the receptor'414,

All of these effects are highly exacerbated by B-AR stimulation due to a further increase of the open

probability of the RyR2 receptor by PKA and CamKIl phosphorylation and an increase in SR calcium
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load due to phosphorylation of PLN and subsequent activation of Serca2a, which can lead to a store

overload-induced calcium release (SOICR).

CPVT-causing Casq2 mutations, of which >20 have been found so far, are most commonly autosomal
recessive, although autosomal dominant missense mutations have been identified as well****?,Casq2
is located in the SR lumen, binding calcium with high capacity and low affinity. Calcium binding to Casq2
induces dimerization and subsequent formation of double-helical Casg2 filaments, further increasing
calcium binding capacity. Some, but not all, mutations have been found to have impaired calcium
binding capacity, which leads to an increase in free calcium in the SR (Fig. 7D)*°. In at least two
autosomal dominant CPVT2 mutations, the filament formation has been found to be impaired (Fig.
7E)**2, Another important function of Casq2, which is highly implicated in the proarrhythmic
mechanism of Casq2 mutations, is its complex formation with RyR2, junctin and triadin. It has been
shown that sensing of luminal calcium was impaired in the absence of Casg2 and the open probability
of RyR2 at low luminal calcium concentrations was increased (Fig. 7F)*>3. Thus, an impaired interaction

of Casq2 with its binding partners presents another mode of increased RyR2 calcium leak.
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Figure 7: Molecular mechanisms of diastolic calcium leak in CPVT.

A-C) Schematic of the mechanisms of diastolic calcium leak caused by different RyR2 mutations in
CPVT1. D-F) Schematic of the mechanisms of diastolic calcium leak caused by different Casq2
mutations in CPVT2. Red stars and arrows indicate side of mutation and influence on interacting
molecules.
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1.4 Optogenetic activation of Gs-signaling in the heart

1.4.1 Control of excitable tissue by optogenetics

The principle of optogenetics is to transgenically introduce light-sensitive proteins into cells and
organisms to regulate a specific response via illumination, which provides unmatched spatial and
temporal resolution compared with pharmacological substances. Although the first light-sensitive ion

channels have been described as early as the 19705

, it was only in the early 2000s that optogenetics
gained traction as an emerging field of research. In 2002 and 2003, Nagel et al. described the light-
gated proton channel channelrhodopsin-1 (ChR1) and the light-gated cation channel

13516 ChR2 was then successfully used to control

channelrhodopsin-2 (ChR2) found in algae
mammalian neuron activity after lentiviral transduction®. From then on, optogenetics has been an

integral method in the field of neuroscience.

Since cardiomyocytes can produce action potentials upon depolarization similarly to neurons,
cardiology was the next field of research to adopt optogenetics. In 2010 Bruegmann et al. generated a
transgenic mouse line expressing ChR2 under the CAG promotor and successfully used ChR2 to pace
mouse hearts from locally distinct areas®. It was further shown that ChR2 can be used to defibrillate

ventricular arrhythmias in mouse hearts'*,

This paper also showed the potential and limitations of optogenetics for therapeutic use. One of the
major limitations in the translation of optogenetics from small organisms to larger mammals and
eventual therapeutic use in humans is the penetration depth of light in tissue. Because light with a
longer wavelength has deeper penetration depth than shorter wavelength light, there is a strong

requirement for red-shifted optogenetics for potential future therapeutic applications.

Recently, optogenetics has expanded from light-gated ion channels to many other light-gated
receptors, of which light-gated GPCRs are sought-after targets, as G-protein-signaling is one of the

most abundant and diverse signaling pathways in the human body. In cardiomyocytes and the heart,

160 (3. 161 162,163
160 G- -

optogenetic modulation of Gs as well as Gq signaling has been successfully applied.

1.4.2 Optogenetic control of the adrenergic response in the heart

Two approaches have been explored for the optogenetic investigation of sympathetic signaling in the
heart thus far: optogenetic activation of sympathetic neurons and direct optogenetic activation of 8-
adrenergic signaling in the cardiomyocytes. Sympathetic neurons have been targeted to express ChR2
using the tyrosine hydroxylase promoter, thereby enabling light stimulation of neuronal noradrenaline

release in cardiac tissues to study the effects of sympathetic stimulation on heart function and
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arrhythmias®> %%, While optogenetically targeting the sympathetic neurons allows the investigation of
the interplay between neurons and cardiomyocytes, it also limits the B-AR activation to the sides of
endogenous innervation. Direct optogenetic activation of Gs-receptors in cardiomyocytes allows more
precise spatial and temporal activation control. The first attempts to generate a light-sensitive Gs-
coupled receptor have been performed by using the vertebrate rhodopsin — which naturally couples

165166 _ and replacing the intracellular part with the intracellular

to Gi, in mammalian retina cells
domain of the B2-AR!71%8 These so-called OptoXR chimeric receptors successfully activated
intracellular signaling cascades similar to the endogenous receptors regarding cAMP production and
other downstream pathways!®®. There was, however, a significant drawback to the genetically
engineered receptor in a strong bleaching effect, which can be associated with the conversion of cis-

retinal to trans-retinal and subsequent decrease in available cis-retinal that is needed for rhodopsin

photosensitivity?”°.

In 2008 an opsin from the eye of the box jellyfish was identified, which exclusively couples to Gs and
mediates light-induced cAMP production?’'2, This jellyfish opsin (JellyOp) was first used as an
optogenetic tool for light-induced Gs-signaling in mammalian cells by Bailes et al.'®, It was found that
the receptor is highly light sensitive compared to other optogenetic tools, but could produce higher
amounts of cAMP than OptoXR and could be repeatedly activated in short intervals without any
bleaching effect. This is likely due to a bi-stable nature, in which it can use cis- as well as trans-retinal

to achieve photosensitivity.

Makowka et al. created a transgenic mouse line expressing JellyOp in cardiomyocytes under the CAG
promotor. They found that it also coupled to G; in cardiomyocytes and could modify heart function
similarly to B-AR signaling in the heart'®, The study showed the specificity of JellyOp to the Gs-signaling
pathway in stem cell-derived cardiomyocytes and atrial tissue by measuring cAMP levels and frequency
response. The characteristics of the JellyOp receptor and its confirmed function in transgenic mouse
hearts makes JellyOp an ideal tool for the optogenetic investigation of local Gs-signaling effects in the

heart.
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1.5 Aim of the Thesis

Even though a number of antiarrhythmic drugs are currently on the market, sudden cardiac death due
to ventricular arrhythmias still presents as one of the most common causes of death worldwide. On a
cellular level, arrhythmias can be caused by an imbalance in the interplay between a range of ion
channels creating depolarizing and re- / hyperpolarizing currents. On a whole organ level, a change in
the organization and connectivity of different subtypes of cardiomyocytes can modulate the electric
conduction to increase the risk of arrhythmia generation. B-blockers are one of the most effective
antiarrhythmic drugs. This shows that a change in the cellular response to adrenergic stimulus, as e.g.
observed in remodeling in heart failure, can be proarrhythmic, especially when the response is
inhomogeneous within the organ. The SNS has distinct effects on different areas of the heart. In the
SA node, adrenergic stimulation leads to increased heart rate, in the conduction system and the
Purkinje cells it modulates excitability and conduction. In the ventricles it also increases contractile
force. However, the effects of local adrenaline effects on the different heart areas have not been
extensively studied in the whole organ. Therefore, the exact roles of the changes in heart rate, cell
excitability and conduction by adrenergic stimulation on the generation of arrhythmias are not fully
understood. Moreover, there might be distinct effects in the different areas of the ventricles, as
endocardial and epicardial cardiomyocytes differ e.g. in APD and might have different sensitivities to

adrenergic stimulation.

This thesis aims to expand the understanding of the proarrhythmic potential of local B-adrenergic
signaling using the striking advantage of optogenetics over conventional pharmacological activation —
its highly spatially and temporally defined activation by local illumination. Hereby, the influence of the
trigger of the VT in the form of PVCs, but also the substrate of the VT, which defines the VT duration
and complexity, were points of interest. For this investigation, transgenic mice expressing JellyOp, a
Gs-coupled blue-light activated receptor were crossed with a CPVT mouse model carrying a Casq2

knockout mutation.

In Langendorff-perfused hearts of these mice, the local potential to generate an arrhythmic trigger
through premature excitation was investigated for endocardial and epicardial tissue. Furthermore, the
underlying differences in these tissues with regard to calcium handling and B-adrenergic signaling were
investigated. The role of PDEs in the arrhythmic trigger potential and the expression and

phosphorylation of calcium handling proteins were examined.

In order to investigate the role of B-adrenergic signaling on the substrate of arrhythmias, $1S2
electrical stimulation served as a premature trigger to elucidate the potential to induce reentry VT and

their duration. Moreover, long-running VTs were induced by shortening the action potential duration
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to investigate the complexity of a reentry VT upon Gs-stimulation. These analyses used ventricle-
specific ECG recordings and voltage mapping of the epicardial surface to determine VT complexity.

Sharp electrode measurements were performed to detect changes in action potential morphology.
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2 Material and Methods

2.1 Laboratory equipment

Equipment
Agarose gel chamber
Autoclave

Automatic chlorider
Balances

Blotting system
Centrifuges

Cryostat

ECG recorder

Electrical stimulator
Electrophoresis chamber

Heated magnetic stirrer

Ice machine
Immunofluorescence imaging
camera

Immunofluorescence light
emitting diodes (LEDs)
Immunofluorescence
microscope

Integrating sphere

Laser

Laser in-line fiber filter mount
LED control unit

Light catheter

Liquid light guide, 3 mm, 340-
800 nm

Specification

Mini-Sub Cell GT

ACL-01

XS205 DualRange

KB 1200-2N

Trans-Blot® Turbo™

Micro Star 17R

Mini Star

CM3050 S

Powerlab 8/35

Animal Bio Amp

Isolated pulse stimulator model 2100
Mini-PROTEAN® Tetra System with
PowerPac™ Basic

MR Hei-Standard

AF 80

Prime BSI

LedHUB

Eclipse Ti2

IS236A-4-SP1

LuxX® 488-200

FOFMS/M-UV (250nm-450nm)
DC2200

CD-253-10-0

LLG3-6H
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Supplier

Bio-Rad

HSP steriltechnik AG
Npi electronic
Mettler Toledo

Kern

Bio-Rad

VWR

VWR

Leica

AD Instruments
A-M Systems
Bio-Rad

heidolph

Scotsman

Photometrics

Thorlabs

Nikon

Thorlabs
Omicron-Laserage
Thorlabs

Thorlabs
LifePhotonic GmbH

Thorlabs
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Equipment

Macroscope

Microliter syringe for Lugol
ablation

Micropipette Puller

Monochromator

Optogenetic LEDs

Peristaltic pump

pH meter
Photodiode power sensor

Pipette controller

Pipettes

Powermeter

Red light lamp

Sharp electrode setup
Pipette holder
Bridge Amplifier
Micromanipulator
Touch screen control unit
Rotary Wheel remote unit

Stereo microscope

Stereo microscope light

source

Surgical instruments
Narrow Pattern Forceps

Dumont #5 - Fine Forceps

Specification

MVX10
MV PLAPO 1x objective
filter slider DSI-3PS-OL-UA

50 pL SYR 705 RN

P-1000

Optoscan Monochromator with

Optosource High Intensity ARC Lamp

LedHUB (460 nm)
GCS-0470-50-A510 LED and BLS-
13000-1 driver

470 nm M470F1

Minipuls 3

765 Calimatic

S130c

$170c

Pipetboy

Pipetman (P2, P20, P200, P1000)
PM 100 A

KL 2500 LCD with red light filter

BNC type 1.0 mm OD
BA-01x

uMp-3

uM-TSC
uM-RW3/RW4
SMZ800N

KL 1600 LED

11003-12
11254-20
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Supplier
Olympus
Olympus
Mightex

Hamilton
Sutter Instrument
Cairn Research

ThorlabsOmicron-
Laserage

Mightex

Thorlabs
Gilson

Knick
Thorlabs

Integra
Gilson
Thorlabs

Schott

Heka

Npi
Sensapex
Sensapex
Sensapex

Nikon

Schott

Fine Science Tools



Equipment
Extra Fine Bone Scissors
Spring scissors
Temperature controlled
perfusion cannula
Thermo shaker
Tube roller mixer
Ultrasound bath
Vacuum pump
Voltage mapping cameras
PGH-1
Di-4-ANEQ(F)PTEA
Voltage mapping LED

Voltage mapping macroscope

Vortexer

Water preparation system
Western blot and DNA gel
imager

Wheaton™ micro tissue
grinder 0.1 mL

Table 1: Laboratory equipment

2.2
Filter Type (Specification)
Beam splitter T 515 LP

Cy3 ET Filter set
Exc. 545/25 ET Band pass
Beam splitter T 565 LPXR
Em. 605/70 ET Band pass

Specification
14084-08
15003-08

TCO2 (controller)
PHO1 (cannula)
MKR 23

SRT6D

USC100T

vacusafe

acA720-520um
MiCam03-N256
SOLIS-660C

THT macroscope

MV PLAPO 1x objective
Vortex Genie 2

Omnia-Pure-T UV-TOC

ChemiDoc™ MP Imaging System

357844

Imaging and optogenetic filters

Use
Voltage mapping with

optogenetic illumination

Immunofluorescence

imaging
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Supplier

Multichannel systems

Hettich Lab Technology
stuart
VWR

Integra

Basler

Brainvision
Thorlabs
Brainvision
Olympus

Scientific Industries

Stakpure

Bio-Rad

DWK Life Sciences

Supplier (cat. no.)

AHF Analysentechnik (F48-515))

AHF Analysentechnik (F46-004)
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Filter Type (Specification)
Cy5 ET Filter set
Exc. 640/30 ET Band pass
Beam splitter T 660 LPXR
Em. 690/50 ET Band pass
DAPI HC BP Filter set
Exc. 377/50 BrightLine HC
Beam splitter HC 409
Em. 447/60 BrightLine HC

Neutral density filter (OD 1.0)

PGH-1 filter
Exc. 664/24 Band pass
Beam splitter HC BS 685
Em. 795/188 Band pass

Sputtered Enhanced Silver Mirror

YFP ET Filter Set
Exc. 500/20 ET Band pass
Beam splitter T 515 LP
Em. 535/30 ET Band pass

Use

Immunofluorescence

imaging

Immunofluorescence

imaging

Optogenetic light

reduction

Voltage mapping

Optogenetic light

reflection

Immunofluorescence

imaging

Table 2: Imaging and optogenetic filters

2.3 Consumables

Consumable

15 mL, 50 mL tubes

Supplier (cat. no.)

AHF Analysentechnik (F46-009)

AHF Analysentechnik (F36-500)

Thorlabs (NDW10B)

AHF Analysentechnik (F49-824)
AHF Analysentechnik (F38-685)
AHF Analysentechnik (F37-796)

AHF Analysentechnik (F46-015)

AHF Analysentechnik (F46-003)

Supplier (cat. no.)

Greiner bio-one (188271, 227261)

4-20% Mini-PROTEAN® TGX Stain-Free™ Protein

Gels, 10 well, 30 ul

Bio-Rad (#4568093)

4-20% Mini-PROTEAN® TGX Stain-Free™ Protein

Gels, 15 well, 15 pl

Borosilicate glass capillaries
Disposable needle 20G

Exadrop® flow control

Bio-Rad (#4568096)

World Precision Instruments, Inc (1B100F-4)

Braun (4657519)

Braun (4061284)
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Consumable

Histobond® microscope slides
ImmEdge® Hydrophobic Barrier PAP Pen
Immersion oil type N

Microloader pipette tips

Microscope cover glasses 24x50mm
Multidirectional stopcock

Original Perfusor® line
Pipette tips

Seraflex® silk suture

Silver wire

Trans-Blot Turbo Mini 0.2 um PVDF Transfer

Packs
Tygon tubes for roller pump (3.17 mm ID)
VitraPOR™ micro filter candle with tube

Table 3: Consumables

2.4 Chemicals and Reagents

Reagent

10x Tris/Glycine/SDS buffer

10x Tris/Glycine/SDS Electrophoresis Buffer
2-Methylbutane

3M KCl

4% formaldehyde
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES)

50x Tris-acetat-EDTA (TAE) buffer

Agarose Standard
Aqua-Poly/Mount

Blebbistatin
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Supplier (cat. no.)
Marienfeld (0810000)
Vector (H-4000)

Nikon

Eppendorf (5242956.003)
VWR (631-0146)

Braun (4095111)

Braun (8255253)

Diamond® Tower Pack™ (DL10, DL200,
DL1000)

Serag Wiessner (1C108000)

Science Products GmbH (AG-10T)
Bio-Rad (#1704156)

Ismatec (070534-251-ND)

Robu® (18103)

Supplier (cat. no.)
Bio-Rad (1610732)
Bio-Rad (#1610732)
Sigma (M32631)
Knick (ZK0960)

AppliChem (252931.1214)
Sigma (H4034)

Thermo Scientific (B49)
Roth (3810.3)
Polysciences (18606-20)

Enzo (BML-EI315-0005)
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Reagent

Calcium chloride (CaCl,)

Carbamoylcholine chloride / carbachol (Cch)

Di-4-ANEQ(F)PTEA

Dimethyl sulfoxide (DMSO)
DirectPCR Lysis Reagent (Mouse Tail)
DL-Dithiothreit (DTT)

dNTP-Mix (2 mM)

Donkey Serum

GeneRuler Mix DNA ladder

Glucose

Glycerol

HDGreen™

Hoechst 33342

IBMX

lodine (1I,)

Isoprenaline (Iso) hydrochloride
L-Ascorbic acid

Magnesium chloride (MgCl,)
Magnesium sulfate (MgSQ,)
PhosSTOP™ EASYpack

Pierce™ ECL Western Blotting Substrate
Pinacidil (hydrate)

Pittsburgh-1 (PGH-1)

Pluronic®-L64
Potassium chloride (KCI)

Potassium iodide (KI)

Potassium phosphate monobasic (KH2PO,)

Supplier (cat. no.)

Merck (1.02378)

Sigma (C4382)
Potentiometric Probes (33040)
Sigma (D8418)

Viagen (102-T)

Roche (DTT-RO)

Thermo Scientific (R0242)
Jackson ImmunoResearch (017-000-
121)

Thermo Scientific (SM0333)
Sigma (G7021)

Sigma (49757)

Intas

Sigma (B2261)

Sigma (17018)

Sigma-Aldrich (207772)
Sigma (15627)

Sigma (A92902)

Sigma (M8266)

Sigma (M7506)

Sigma (4906845001) / Roche
Thermofisher (32106)

Biomol (Cay15416)

Supplied by Guy Salama, Vascular
Medicine Institute, University of
Pittsburgh

Sigma (43449)

Sigma (P9333)

Sigma-Aldrich (221945)

Sigma (P5655)



Reagent
Precision Plus Protein™ All Blue Pre-Stained Protein

Standard

Proteinase K 20 mg/mL
Roti®fair phosphate buffered saline (PBS) 7.4

Serva Blue R

Skim milk powder

Sodium azide (NaNs)

Sodium bicarbonate (NaHCOs)
Sodium chloride (NaCl)

Sodium dodecyl sulfate (SDS) pellets

Sodium hydroxide (NaOH)

Sucrose

Taq DNA-polymerase (5 E/uL), with 10x PCR buffer,
MgCl; (50 mM)

Thiourea (NH,CSNH,)

Tissue-Tek® O.C.T. compound

Tris-(hydroxymethyl)-aminomethan (Tris)
Tris-hydrochloride (Tris-HCI)

Triton-X 100

Tritrack 6x DNA loading dye

Tween® 20

Urea (NH,CONH,)

Table 4: Chemicals and Reagents
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Supplier (cat. no.)

Bio-Rad (#1610373)

AppliChem (A4392)
Roth (1112.2)
Serva (35051.02)
VWR (84615.0500)
Sigma (52002)
Sigma (S5761)
Sigma (71376)
Roth (CN30.2)
Sigma (S8045)

Sigma (S0389)

Invitrogen (10342-020)

Sigma (T7875)

Sakura (4583)

Roth (4855.2)

Roth (9090.3)

Sigma (X100)

Thermo Scientific (R1161)
Sigma (P9416)

Sigma (U5128)
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2.5 Solutions and buffers

HEPES perfusion buffer

MW (g/mol)
CaCl, 110.99
Glucose 180.16
Hepes 238.3
KCl 74.56
MgCl, 95.22
NaCl 58.4

Adjust to pH 7.4 with NaOH

Table 5: HEPES perfusion buffer

Krebs-Henseleit (KH) buffer

MW (g/mol)
CaCl, 110.98
Glucose 180.16
KCl 74.55
KH,PO4 136.07
MgSO4 120.37
NaCl 58.44
NaHCO; 84.01

Table 6: KH buffer

10x Tris-buffered saline with tween20 (TBST) (pH 7.5)

MW (g/mol)
Tris 121.14
NaCl 58.44
Tween® 20 1227.54

Concentration (mM)
1.8
10
10
54
1

140

Concentration (m)
1.8
11
4.7
12
1.2
118

18

Concentration
0.5M
1.5M

0.5%

Adjust to pH 7.5 before adding Tween 20

Table 7: 10x TBST (pH 7.5)
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Protein isolation buffer

MW (g/mol) Concentration
Urea 60.06 8 M
Thiourea 76.12 2M
SDS 288.38 3%
Glycerol 92.09 10%
Tris-HCl pH 6.8 121.14 0.05M
DTT 154.25 75 mM (add fresh)

Add a few grains of serva blue

Table 8: Protein isolation buffer

Lugol solution

MW (g/mol) Concentration
Kl 166.00 10%
[P} 253.81 5%

Dissolved in KH buffer

Table 9: Lugol solution

2.6 Antibodies

Primary antibodies

Antigen Host and AB type Supplier (cat. no.) Use (dilution)
Mouse monoclonal

a-actinin Sigma (A7811) IF (1:400)
IgG1

a-actinin Rabbit polyclonal IgG Abcam (ab137346) IF (1:400)
Mouse monoclonal

PLN Badrilla (A010-14) WB (1:5000)
IgG1

P-PLN (pser16) Rabbit polyclonal IgG Badrilla (A010-12AP) WB (1:5000)
Mouse monoclonal StressMarq Bioscience

Rhodopsin (1d4) IF (1:100)
IgG1 (SMC-177C)
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Antigen Host and AB type Supplier (cat. no.) Use (dilution)
Cell Signaling
RRXS*/T* Rabbit monoclonal IgG WB (1:1000)
TECHNOLOGY (9624L)
Mouse monoclonal
RyR2 ThermoFisher (MA3-916) WB (1:1000)
IgG1
Mouse monoclonal
Serca2a ThermoFisher (MA3-919)  WB (1:1000)
IgG2a

Table 10: Primary antibodies
(IF - Immunofluorescence; WB - Western Blot)

Secondary antibodies

Antigen Conjugate Supplier (cat no.) Use (dilution)
Mouse IgG Alexa Fluor™ 555 ThermoFisher (A31570) IF (1:400)
Mouse IgG Alexa Fluor™e47 ThermoFisher (A31571) IF (1:400)
Rabbit IgG Alexa Fluor™555 ThermoFisher (A31572) IF (1:400)
Rabbit IgG Alexa Fluor™ 647 ThermoFisher (A31573) IF (1:400)

Jackson ImmunoResearch
Horseradish
Mouse IgG Laboratories, INC. (115-035- WB (1:10.000)
peroxidase (HRP)
146)

Jackson ImmunoResearch
Rabbit IgG HRP Laboratories, INC. (111-035- WB (1:10.000)
144)

Table 11: Secondary antibodies
(IF - Immunofluorescence; WB - Western Blot)

2.7 Software
Software Supplier Use
BV workbench 2 SciMedia (Brainvision) Voltage mapping analysis
CorelDRAW® 2019 Graphics
Corel Corporation Figure and schematic design
Suite
Fiji / image) Imagel Image processing
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Graphpad Prism 8

Image Lab 6.1

LabChart 8 with ECG analysis
module and peak analysis

module

NIS-Elements AR 5 with
General Analysis 3
Omicron control center v3
Pylon Viewer 64-bit
OriginPro 8G

Table 12: Software

Supplier

GraphPad Software, Inc

Bio-Rad Laboratories

ADInstruments

Nikon

Omicron-Laserage
Basler

OriginLab Corporation
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Use

Data analysis and statistical
analysis

Western blot analysis

ECG and sharp electrode
recordings, ECG and action
potential analyses, control of
optogenetic and electrical
stimulation

Fluorescence imaging and
image analysis

LED and laser control
Voltage mapping recording

Data analysis
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2.8 Experiments in explanted mouse hearts

2.81 Mouse lines

The animals used in this study were housed and bred in the animal facility “Haus flir experimentelle
Therapie” of the university clinic Bonn under specific pathogen-free conditions according to FELASA

guidelines. Adult male and female mice were used in the experiments.

The JellyOp transgenic mouse line and the ChR2 mouse line were previously generated and established
by our working group®®®, The Casq2 -/- mouse line was generated and published by Knollmann et
al.'’3, The Casq2 -/- and JellyOp transgenic mouse lines were crossbred to generate JellyOp wt/tg

(JellyOp pos.) x Casq2 +/- and further crossbred to generate JellyOp wt/tg x Casq2 -/- mice.

2.8.2 Genotyping of mouse lines

For Casq2 genotyping, tissue from ear punches was lysed and DNA was extracted. 100 uL of DirectPCR
Lysis Reagent (Viagen) and 3 pL of proteinase K were added to the tissue. The tissue was lysed
overnight at 55°C, 400 rpm, followed by inactivation at 85°C for 45 min. Lysate was then used for
polymerase chain reaction (PCR). The PCR components for the sample preparation are detailed in Table

13 and the primers are shown in Table 14. The PCR protocol is specified in Table 15.

Substance Amount (pL)
H.0 12.75
10x PCR buffer 2.5
dNTP-Mix (2 mM) 2.5
MgCl; (50 mM) 0.75
Primer 14550F 1
Primer 15777R 1
Primer 15605F 1
Taq DNA-polymerase 0.5
Sample DNA 2

Table 13: PCR components for Casq2 genotyping
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Primer Nucleotide sequence
156_CASQ Forward1 (14550F) caccggcttccctgectcccacage
155_CASQ Reverse(15777R) ccaccttaagagtttgcccacag
157_CASQ Forward2(15605F) ggcagcagcctcctgtatgatag

Table 14: Primers for Casq2 genotyping

Step # Temperature (°C) Duration (s)
1 94 300
2 94 40
3 56 40
4 72 40 (go to 2 for 40x)
5 72 480
6 4 oo

Table 15: PCR protocol for Casq2 genotyping

Following PCR, agarose gel electrophoresis was performed. 2 % agarose gels were generated by
dissolving 1 g agarose in 50 mL TAE buffer and heating until fully dissolved. 2uL HDgreen (Intas) was
added. The gel was cast into a gel chamber (Bio-Rad). After polymerization, gels were placed into a
running chamber filled with TAE buffer. 20 pL of PCR sample mixed with 4 uL of 6x loading buffer were
loaded into a gel chamber. GeneRuler Mix (Thermo Scientific) DNA ladder was used as a DNA size
marker. Electrophoresis was performed at 90 V for 60 min. Results were visualized using the

ChemiDoc™ MP Imaging System (Bio-Rad).

A band at 280 base pairs represented the Casg2 knockout allele, a band at 172 base pairs represented

the Casq2 wildtype allele.

For genotyping of JellyOp mice, ear punches were checked for green fluorescent protein (GFP)

expression under the macroscope. ChR2 mice were used and genotyped as described in Bruegmann et

al.’?8,

2.8.3  ECG recordings of explanted mouse hearts ex vivo

Mice were sacrificed by cervical dislocation and hearts were excised. Excised hearts were transferred

to chilled PBS and the aorta was cannulated by a 20 gauche, blunted cannula. Hearts were perfused
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with HEPES perfusion buffer or KH buffer in Langendorff configuration via a custom constant-flow
perfusion system consisting of a water bath to warm the buffer to 42°C, a peristaltic pump, and a
heated perfusion cannula (set to 42°C) to reach a buffer temperature of 37°C when entering the aorta.
Perfusion flow was set to 2 mL/min. HEPES buffer was oxygenated with 100% O, gas, KH buffer was
oxygenated and pH adjusted to 7.4 with 95% O, / 5% CO, gas.

Bipolar ECG signals were detected by placing the apex of the heart onto a metal spoon, which served
as the positive electrode, and placing a silver-chloride electrode at the aorta as the negative electrode.
ECG was recorded at a sampling frequency of 10-20 kHz using a bio-amplifier recording system
(PowerLab 8/35, Animal Bio Amp, LabChart 8 software, AD Instruments). Local ventricular ECG
recordings were performed by placing the silver-chloride electrode directly onto the free wall of the
respective ventricle as the positive electrode and using the spoon as the indifferent (negative)
electrode. Heart rate and PQ interval were determined using the LabChart software with ECG analysis

module.

2.8.4 Optogenetic stimulation of explanted mouse hearts

Epicardial illumination of explanted mouse hearts was performed via a macroscope (MVX10, Olympus)
equipped with a 1x objective (MVPLAPO1x, Olympus) using a blue light LED attached to the
epifluorescence port via a light guide (Thorlabs). For each experiment of the results section the used
light source with corresponding illumination areas are summarized in Table 16. Blue light was directed
onto the heart using a silver mirror placed in the filter slider (Mightex) of the macroscope. The
illumination area was adjusted via the zoom function of the macroscope. Slit (Chapter 3.2) and half
(Chapter 3.16) illumination were achieved by coupling the LED into the side port of the macroscope
and placing either a focused custom-made inlet with adjustable slit width or a custom-made inlet with

a half circular pattern filter into the light path at the field diaphragm plane.

Light intensity was regulated by controlling the voltage from the bio-amplifier and adjusting maximal
intensity via the Omicron control center. Additionally, light could be reduced by the insertion of neutral
density filters into the optogenetic light path. Light intensity was calibrated using a powermeter
(PM100, Thorlabs) with a planar photodiode power sensor (S130A or S170C, Thorlabs). Light intensities

are specified for each experiment in the corresponding results section.

Endocardial illumination was performed with a 360° illumination light catheter developed in
cooperation with LifePhotonic GmbH (Bonn). The light catheter consisted of a light fiber with a
cylindrical tip with a diameter of 500 um and an illumination zone length of 4 mm, coated with light

scattering particles. The light catheter was inserted by cutting a small incision into the respective
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atrium and inserting the catheter through the atrio-ventricular valve into the ventricle. The light
catheter was attached to a 488 nm laser (Omicron-Laserage). The laser was controlled by the Omicron

control center and the Powerlab bio-amplifier system.

The light intensity of the catheter was measured using an integrating sphere (1S236A-4-SP1, Thorlabs).
For this, the catheter was placed into the center of the integrating sphere and light intensity was

detected using the powermeter.

Results section LED lllumination area (zoom)

GCS-0470-50-A510 LED and
Fig. 11 130 mm? (2x)
BLS-13000-1 driver, Mightex

Fig. 12 470 nm M470F1, Thorlabs 2 mm slit illumination (1.25x)
460 nm LED Hub, Omicron-

Fig. 13, 31-37 38 mm? (4x)
Laserage

Fig. 1622, 24, 25 488 nm laser 360° endocardial illumination
460 nm LED Hub, Omicron-

Fig. 2021, 24, 25 15 mm? (6.3x)
Laserage

GCS-0470-50-A510 LED and

Fig. 30 38 mm? (4x)
BLS-13000-1 driver, Mightex
460 nm LED Hub, Omicron-

Fig. 35-37 Half illumination (2x)
Laserage

Table 16: Light sources and their use and specifications

2.8.5 Comparison of pharmacological and illumination-induced heart rate increase

The dorsal part of the right atrium (RA), where the SA node is situated, was illuminated with
supramaximal light intensity (2 mW/mm?, 90s) to achieve maximal frequency increase during light
stimulation (Fig. 11A-E). Subsequently, after the return of the frequency to baseline, the heart was
perfused with isoprenaline (iso, 1 uM, 4 min) to measure maximal endogenous [B-AR-induced

frequency increase.

Frequency traces were smoothed with a triangular filter (Bartlett, 10s window). The baseline
frequency was defined as the maximal frequency of the smoothed data within a 45s interval
immediately before stimulation. The maximal frequency of the smoothed data after stimulation was

used to calculate the maximal frequency increase relative to baseline.
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Time to peak was determined as time from the start of illumination or Iso perfusion to increase to 80%
of maximal frequency after the start of stimulation. Deactivation time was determined as time from

end of illumination or Iso perfusion to decrease to 50% of maximal frequency.

Spectral sensitivity of JellyOp (Fig. 11F) was determined by generating 1s long light pulses (10
uW/mm?2) with wavelengths of 400-700 nm in 50 nm steps and additionally 470 nm using a
monochromator (OptoScan, Cairn-Research). The normalized heart rate increases (y) at applied

174

wavelength A were fitted with OriginPro software using the Govardovskii nomogram equation*’?,

which can be used as a general fit for the spectral sensitivity of visual pigments.

y=1/{exp[Ax*(a—x)]+exp[B*(b—x)]+exp[C*(c—x)]+D}
with x=_2max/ 4, A=69.7, a=0.88, B=28, b=0.922, C=—14.9, c=1.104, D=0.674

Equation 1: Govardovskii equation for the spectral sensitivity of visual pigments. Equation and values
taken from Govardovskii et al.*’*

With this fit the peak wavelength (Amax) was calculated.

2.8.6 Investigation of ventricular arrhythmia generation

Hearts were Langendorff-perfused with either HEPES perfusion buffer or KH buffer to investigate
ventricular arrhythmias during regular or pharmacologically reduced sinus rhythm. For
pharmacological heart rate reduction, 1 uM Cch was added to the buffers and continuously perfused

during the following application of either Iso or light.

Iso was applied in concentrations of 0.1-1 uM either by addition to the perfusion buffer or as a bolus

injection with a 5 mL syringe into the aortic perfusion.

Light was applied onto the ventricle as described in Chapter 2.8.4. The corresponding results section

specifies the duration and light intensities for each experiment.

For the investigation of arrhythmias at defined ventricular beating frequencies, atria were removed
during Langendorff-perfusion using spring scissors. Ventricles were then paced with a bipolar silver
electrode connected to an isolated pulse stimulator. Hearts were paced with electrical pulses of 1 ms

duration and 1-3 V intensity, at either 200 bpm or 400 bpm.
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To investigate the inducibility of VT after a premature trigger, S1S2 electrical stimulation was applied.
For this, a bipolar silver electrode was placed on the RV base and 6 S1 pulses with 150 ms cycle length,
followed by an S2 pulse with reduced cycle length were applied (1 ms, 1-3 V). S2 pulses were reduced

by 5 ms until no QRS complex was induced (no capture) to determine the capture threshold.

2.8.7 Endocardial ablation

Ablation of the endocardium of a Langendorff-perfused mouse heart was performed by bolus injection
of 7 pL Lugol solution, consisting of 5% |, and 10% Kl in perfusion buffer, directly into the left ventricle
(LV) using a glass microliter syringe (Hamilton). Langendorff-perfusion was continued during the
injection. Experiments on ablated hearts were continued 8 min after ablation. Hearts that were not

electrically paceable after ablation were excluded from the experiments.

2.8.8 \Ventricular arrhythmia analysis

For hearts in intrinsic sinus rhythm, a PVC was determined as an ectopic beat with a deformed QRS
complex without preceding P-wave. For electrically paced hearts, a PVC was determined as an ectopic
beat not immediately preceded by an electrical stimulus (seen on the ECG as a large, short artifact
correlating with the electrical stimulation). To visualize and count PVCs, a corrected ECG signal was
generated in Labchart by blanking the first 50 ms after the start of electrical stimulation to 0 mV to
remove the regularly paced QRS complexes. For analysis of PVC incidence by endocardial and
epicardial illumination, PVCs occurring in a 30 s interval after and before illumination were counted.
PVC count/s was defined as PVC count after illumination subtracted by PVC count before illumination

divided by time (30 s).

A junctional arrhythmia was defined as a series of regularly shaped QRS complexes without a preceding
P-wave, at a higher frequency than sinus rhythm. Triggered VT was determined as a series of
monomorphic, abnormally-shaped QRS complexes in fast succession (faster than intrinsic sinus
rhythm) but with a return to the isoelectric line between beats. Reentry VT was characterized by
monomorphic or polymorphic ECG signals without return to the isoelectric line between beats,
indicating continuous electrical propagation. Frequency characteristics of reentry VT were further
analyzed using the spectrum function in LabChart to create Fast Fourier Transformations (FFT). The
ECGs were recorded at a sampling frequency of 20 kHz and the following spectrum analysis parameters
were selected: FFT size: 16384; Data window: Hann (cosine-bell); overlap: 50%; mode: amplitude. For

guantification of the high frequency component, the standard deviation (SD) of the high frequency
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including the second harmonic of the dominant frequency was calculated in LabChart (lower frequency
limit: 30-40 Hz, upper frequency limit 100 Hz). Mean SD of the high-frequency component in a 30 s
interval before illumination was defined as baseline. The mean SD of the high-frequency component

in a 30 s interval from the start of illumination was defined as illuminated.

2.8.9  PDE inhibition in Langendorff-perfused mouse hearts

PDE inhibition was performed by continuous perfusion with 1-3 uM IBMX in KH buffer. Atria were
removed and ventricles were electrically paced as described in Chapter 2.8.6. Light-dose responses of
PVC count were generated by applying a 1 s long light pulse every 30 s with increasing light intensities
(endocardial: 0.0035-1.09 mW/mm?; epicardial: 0.35-11.9 mW/mm?). Baseline was defined as PVC
count/s in a 30 s interval before the first light pulse. For each light pulse, PVC/s was determined in a
30 s interval from the start of illumination. For corrected PVC count/s baseline PVC count was
subtracted from the PVC count after illumination. Dose-response curves of corrected PVC count/s were

fitted using the Hill1 equation (OriginPro, nonlinear fit, Growth/Sigmoidal).

2.8.10 Pacing threshold in ChR2 hearts

ChR2 hearts were Langendorff-perfused with KH buffer and subsequently with HEPES buffer.
Endocardial and epicardial illumination was applied as described in Chapter 2.8.4. 20 consecutive light
pulses of 10 ms duration at 400 bpm were applied onto the LV. Pacing threshold was defined as the
minimum light intensity needed to trigger a QRS complex with each of the last 10 light pulses. The
pacing threshold was determined three times for each condition per heart and averages were

calculated.

2.8.11 Sharp electrode measurements

Cardiac action potential recordings were performed using sharp microelectrode. Hearts were perfused
in Langendorff configuration and ECG recordings were performed as described in Chapter 2.8.3. To

abolish contraction movements 10 uM blebbistatin was added to the perfusion buffer.

Sharp microelectrodes were produced from borosilicate glass capillaries with a micropipette puller (P-
1000, Sutter Instrument) with the following program settings: Heat = 519; Pull = 80; Velocity = 125;
Time = 250; Pressure = 500; Ramp = 514.
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Microelectrodes were filled with 3 M KCl solution and attached to a micromanipulator (Sensapex) with
a fast piezo actuator. A bridge amplifier (Npi) was used for signal amplification, which was recorded
using the Powerlab system. The microelectrode was inserted into the LV free wall and moved forward
until a stable resting membrane potential of < -60 mV was detected. Cardiac action potentials were

analyzed using the LabChart peak analysis module with Cardiac Action Potential analysis routine.

For the analysis of the influence of Gs-activation on action potential parameters, ventricles were
electrically paced with an interpulse period of 205 to 185 ms and baseline action potential parameters
were measured as average over the last 2 s before the start of illumination. An area of 38 mm? on the
LV free wall, including the insertion side of the microelectrode, was illuminated for 30 s with 0.83
mW/mm? as described in Chapter 2.8.4. lllumination action potential parameters were defined as

average values in a 2 s interval around the maximal effect after illumination.

2.8.12 Voltage mapping

Mouse hearts were perfused in Langendorff configuration with HEPES buffer at 2 mL/min containing
100 uM blebbistatin to inhibit contraction movement. Voltage mapping of hearts during S1S2 electrical
stimulation (Fig. 33) was performed using the red-light voltage-sensitive dye Di-4-ANEQ(F)PTEA to
measure conduction velocity. Voltage mapping of long-running VTs (Fig. 34) was performed using the

red-light voltage-sensitive dye PGH-1.

100 ng Di-4-ANEQ(F)PTEA dissolved in 50 puL EtOH was placed in an ultrasound bath for 10 min and
dissolved in 2.5 mL perfusion buffer. The heart was perfused with dye solution for 2.5 min at 1 mL/min
flow rate, then the flow rate was increased again to 2 mL/min, before perfusion was switched from
constant flow to constant pressure perfusion to remove movement artifact from the peristaltic pump.
Voltage mapping was performed at 1 kHz and 47.8 um pixel size with 660 nm excitation and the PGH-
1 filter set and recorded with a MiCam03-N256 camera (Brainvision) using the BV workbench

(Brainvision) software.

20 plL of 2 mM PGH-1 dissolved in 84% DMSO and 16% Pluronic were added to 500 puL HEPES buffer
and manually applied as a bolus to the aortic perfusion via a 1 mL syringe. Excitation light using a 660
nm LED was coupled to the epifluorescence port of the macroscope with the PGH-1 filter set (Table 2),
while the optogenetic stimulation was applied via the side port (Fig. 8). Images were recorded using a
CMOS camera (Basler) and pylon viewer (Basler) software at 500 fps. Images were binned with 8x8

averaging (Imagel), resulting in a final pixel size of 164 um.
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Recordings were further analyzed using BV workbench (Brainvision) software. Filters were applied
(PGH-1 imaging: 5x5 Gaussian Blur; invert polarity, drift removal with 3 degree polynomial fit, finite
impulse response filter with fc = 100 Hz; Di-4-ANEQ(F)PTEA imaging: 5x5 Gaussian Blur, invert polarity).
Frequency analysis for dominant frequency maps, phase analysis for phase maps and activation time
of the peak analysis for generating activation maps were performed. Conduction velocities were
measured in BV workbench via line selection along the axis of wave transmission on the anterior

ventricular wall.

To generate a long-running, stable VTs, hearts were perfused with HEPES perfusion buffer containing
100 uM pinacidil. VTs were then induced by electrical burst stimulation (1 ms pulses, 20 Hz, 2 s). After
a stable running VT was induced, voltage mapping was performed every 10 s for 2 s intervals. After the
first 2 s imaging, a light pulse was applied either onto the whole anterior ventricular wall or onto the

left or right ventricle using a half circular pattern filter.
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Voltage mapping
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Figure 8: Voltage mapping of explanted mouse hearts.

A) Exemplary voltage mapping image. B) Exemplary raw trace of action potential recordings. B)
Schematic drawing of the voltage mapping setup used for simultaneous optogenetic stimulation in
explanted, Langendorff-perfused mouse hearts. The voltage mapping LED is coupled to the
epifluorescence port of the macroscope. Filter set 1: PGH-1 filter. The optogenetic LED is coupled to

the side port with adjustable pattern filter insert. Filter set 2: 515 nm beam splitter. D) Exemplary ECG
trace LabChart recording.
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2.9 Immunohistochemical analysis

2.9.1 Generation of heart tissue slices for immunostainings

Lugol-ablated hearts (Chapter 3.8) were immunostained after the experiment. Mouse hearts for
determination of JellyOp expression (Chapter 3.9) were perfused in Langendorff configuration for 10
min with HEPES buffer before further processing. Hearts were fixed with 5 mL 4% formaldehyde via
aortic perfusion and incubated overnight in 5 mL 4% formaldehyde at 4°Cin a 15 mL tube. Hearts were
transferred to 5 mL 20% sucrose + 0.03% sodium azide in PBS and stored 2 days at 4°C or until the
hearts had sunk to the bottom of the 15 mL tube. Subsequently, hearts were frozen on dry ice in 2-
methylbutane, precooled at -80°C. Hearts were then stored at -80°C until cryo-sectioning. Heart
sections were cut using a cryostat (Leica) with a cryochamber temperature and specimen temperature

of -22°C and a section thickness of 8 um. Slices were stored at -20°C until immunofluorescence staining.

2.9.2 Immunofiuorescence staining of heart slices

Slices were thawed for 5 min at room temperature (RT). Slices were then rehydrated with PBS for 5
min, before permeabilization with 0.2% Triton-X in PBS. A blocking solution of PBS containing 5%
donkey serum was applied for 30 min. First antibodies were incubated for 2 h at RT diluted as stated
in Table 10 in blocking solution. Slices were washed 3 times for 10 min with PBS and secondary
antibodies were applied for 1 h at RT in the dark diluted as stated in Table 11 in PBS containing 1 ug/mL
Hoechst. Slides were mounted with coverslips using mounting medium Aqua/polymount and dried

overnight at 37°C.

2.9.3 Imaging of inmunofluorescence stained heart slices

Immunofluorescence stainings were imaged using a fluorescence microscope (Nikon) using NIS
elements software (Nikon). Filters and corresponding light sources used for imaging are specified in
Table 2. For imaging of the left ventricular free wall, stitched images were generated with a 40x oil

objective and using the large image function with optimal path stitching with 2 % overlap.

To determine transmural GFP signal intensity differences (Fig. 23C) a custom GA3 analysis module was
generated (Fig. 9A). The analysis module detected the lumen to endocardial border, marked in Fig.
9B+C as the cyan line, using a homogenized a-actinin (Cy5) signal. Furthermore, the a-actinin signal
was used to subdivide the LV free wall into random regions (red outlined sections in Fig. 9B+C) and the

distance of the center of each region to the lumen border was calculated. Based on this distance,
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regions were classified as endocardial (0-299 pum distance to lumen), mid-myocardial (300-599 um
distance to lumen) and epicardial (2600 um distance to lumen). The mean GFP intensity of each region

was calculated and normalized to mean a-actinin signal intensity.
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A

4

Random Regions_7

Figure 9: NIS elements GA3 recipe for JellyOp expression analysis.

A) GA3 recipe for the detection of the endocardial border, division of the ventricular wall into regions
according to a-actinin signal (Cy5) and calculation of mean signal intensities in each channel and
distance of the center of the region from the endocardial border. B) Immunofluorescence image of the
LV free wall after GA3 analysis. Cyan line: detected endocardial border, red lines: random regions
generated by the analysis. C) Excerpt of the image in B (indicated by white box). Displayed is the 1d4
signal (Cy3, white) and the GA3 analysis overlay.
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2.10 Protein analysis

2.10.1 Protein isolation for Western Blot

Hearts were perfused in Langendorff configuration for 5-10 min with Hepes perfusion buffer. For Iso
stimulation, hearts were thereafter perfused with Hepes buffer containing 100 nM Iso for 5 min, while
unstimulated hearts were perfused with normal Hepes buffer for an additional 5 min. Hearts were
then placed in chilled Hepes buffer containing PhosStop (Roche, 1 tablet dissolved in 1 mL ddH,0,
diluted 1:10) to preserve phosphorylation. The ventricular free wall was excised with scissors under a
stereomicroscope. The LV free wall was then placed on a specimen disc with the epicardial side down
onto a pre-frozen and evenly cut layer of embedding medium (Tissue-Tek, Sakura). The heat extractor
of the cryostat was pressed onto the endocardial side of the LV free wall until the tissue was completely
frozen (Fig. 10). With the cryostat, slices of 100 um thickness were cut off. The first 300 um of
endocardial tissue was collected in a pre-chilled micro tissue grinder and 100 uL of protein isolation
buffer was added. Tissue was manually homogenized in the tissue grinder and transferred to a 1.5 mL
tube chilled on ice. This step was repeated once with an additional 50 uL of protein isolation buffer.
The next 500 um of tissue was cut off and discarded. Another 300 um was collected as mid-myocardial
sample and processed as described for the endocardial sample. The tissue lysates were stored at -80°C

until further use.

For protein measurements, 2 plL of each sample were used for gel electrophoresis as described in the
following chapter (2.10.2) and stain-free imaging followed by quantification with Image Lab software

(Bio-Rad) was performed.

l

( heat extractor )
- endocardium

embedding medium

4 ( specimen disk ) < )

1. Excision of the 2. Freezing and flattening
LV free wall of the tissue

3. Cryosectioning

Figure 10: Sample collection of endocardial and midmyocardial tissue.

A) Schematic of the process of tissue collection from the LV free wall. The LV free wall is excised,
flattened and frozen epicardial side down, before cryo-sectioned and used for further tissue
processing. B) top view of the endocardial surface of the LV free wall attached with embedding medium
to the specimen disk after freezing and flattening, before cryo-sectioning.
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2.10.2 Gel electrophoresis

Gel electrophoresis was performed using a Mini-PROTEAN® Tetra System (Bio-Rad) electrophoresis
chamber. Pre-cast stain-free gradient gels (4-20% SDS) were used for all experiments. 15 ug of the
sample were added to a total lysis buffer volume of 10 uL and heated for 5 min at 95°C and briefly
centrifuged, before loading onto the gel. 4 uL of protein marker (All blue pre-stained protein ladder,
Bio-Rad) was used for determination of molecular weight. Electrophoresis was performed at 60 V for

20 min, then at 120 V until the sample front reached the bottom of the gel.

2.10.3 Western Blot

For protein transfer from the gel onto a western blot membrane, Trans-Blot Turbo Mini 0.2 um PVDF
Transfer Packs (Bio-Rad) were assembled according to manufacturer instructions. The transfer was
performed by a Trans-Blot® Turbo™ blotting system (Bio-Rad) using the High MW Bio-Rad program (10
min, 1.3 A). After transfer, the membrane was imaged for stain-free normalization. Then, the
membrane was blocked for 1 h at room temperature in 5% skim milk in TBST. Primary antibodies were
diluted in 5% skim milk in TBST, as stated in Table 10 and incubated overnight at 4°C on a tube roller
mixer. Membranes were washed 3x for 20 min in TBST and HRP-conjugated secondary antibodies,
diluted in 5% skim milk in TBST as stated in Table 11 were incubated for 2 h at room temperature.
Membranes were washed 3x for 20 min in TBST before adding 1 mL of HRP substrate (Thermofisher)
onto the membrane, incubating for 2 min and imaging chemiluminescence signal with the western blot

imager (ChemiDoc™ MP, Bio-Rad).

2.11 Statistical analysis

All statistical testing was performed using Graphpad prism 8. For the comparison of two groups with
equal variances, unpaired student’s t-test was performed. For two groups with different variances
(according to F test), Welch corrected unpaired t-tests were performed. For testing between a group
at two conditions (e.g. baseline and illumination) paired student’s t-test was performed. For multiple
group comparison with equal variances ordinary one-way ANOVA with Tukey’s post-test was
performed. For groups with different variances (according to Brown-Forsythe test), Brown-Forsythe
and Welch ANOVA with Dunnett’s T3 post-test was used. For multiple group comparison with matched
data, repeated measures (RM) ANOVA with Tukey’s post-test was performed. For each experiment,
the applied test is stated in the corresponding figure legend. P-values of statistical differences between

groups are marked with asterisks as follows: *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001.
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3 Results

3.1 Comparison of JellyOp activation with activation of endogenous B-adrenergic

response in the heart

While some insights on local Gs-effects in the heart have been gained from optical mapping or single-
cell studies, regional-specific activation of Gs-signaling within the intact ventricle is challenging to
achieve with high precision using pharmacological agents'’>*’¢. Furthermore, computational modeling
revealed distinct effects of Gs-activation kinetics on the induction and morphology of arrhythmias!”?,
which have thus far not been experimentally studied as the speed of pharmacological application in
the whole heart is low. Thus, optogenetic Gs-activation was used in the current study to investigate

highly locally and temporally defined B-adrenergic effects on cardiac arrhythmia mechanisms.

The mouse line used in this thesis for optogenetic activation of the Gs-signaling pathway was previously
generated by Makowka et al. from a transgenic G4 mouse stem cell line®. This mouse line expresses
JellyOp-IRES-GFP under the CAG promotor, whereby GFP is located diffusely in the cells and JellyOp is
expressed at the cell membrane, acting as a light-sensitive Gs-coupled GPCR. The study by Makowka
et al. showed the specificity of JellyOp to the Gs-signaling pathway in stem cell-derived cardiomyocytes
and atrial tissue by measuring cAMP levels and frequency response. A dose-response curve in
Langendorff-perfused JellyOp pos. hearts displayed a half-maximal effective light intensity (ELi50) of
approx. 390 uW/mm? and a maximal heart rate increase at light intensities > 2 mW/mm? with a pulse

duration of 100 ms.

As part of this previous publication and as the first line of experiments for this thesis, the light-induced
Gs-activation by JellyOp was quantified and compared to the endogenous B-adrenergic Gs-receptor
activation. For this, JellyOp pos. excised mouse hearts were Langendorff-perfused and ECG signals
were recorded. Illumination of the dorsal RA, where the SA nodal region is located, with supramaximal
blue light (2 mW/mm?,90s) induced a peak heart rate increase by 44.0 + 4.1% (Fig. 11A). Subsequently,
hearts were perfused with a supramaximal dose of the B-AR agonist Iso (1 uM, 4 min). Iso perfusion
led to a comparable heart rate increase of 58.1 £ 4.4% (Fig. 11B) with a slightly higher maximal effect
than illumination (Fig. 11C). The long illumination time also allowed a comparison of Iso perfusion and
illumination regarding activation time and decay after end of illumination or Iso wash-out. The kinetics
of the heart rate response were significantly faster after illumination compared to Iso perfusion with
an average time to 80% of peak of 15.6 + 3.3 s during illumination compared to 83.2 + 11.2 s during Iso

perfusion (Fig. 11D). The average deactivation time to 50% of maximal effect after termination of

53



Results

illumination was 19.6 £ 9.7 s, much faster than the significantly delayed turn-off after Iso wash-out of
1283 + 178.5 s (Fig. 11E). Of note is also the higher occurrence of arrhythmic events in the original
traces after Iso perfusion compared to illumination (grey traces in Fig. 11A,B), especially in the early
phase of perfusion with iso. This indicates an activation of other areas of the heart with Iso that are
transiently promoting ectopic beats. Such a remote effect was prevented by regional-specific JellyOp

activation solely in the SA nodal region of the RA.

The light response of the JellyOp mouse line was further characterized by investigating the spectral
sensitivity of the heart rate response. For this, the dorsal RA was illuminated with light with increasing
wavelengths from 400 to 700 nm at submaximal light intensities to avoid saturation at the most
sensitive wavelengths (50 nm steps, 10 pW/mm?, 1 s). The maximal heart rate increase was
determined (Fig. 11F) and the response spectrum was fitted with the Govardovskii equation previously
described for visual pigment absorbance spectral’4, With this fit, a peak effect at a wavelength of 493
nm was calculated. Above 600 nm, no light response was detected, which makes JellyOp compatible

with far-red imaging dyes, as used in later chapters for voltage mapping.
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Figure 11: Comparison of JellyOp activation with activation of endogenous B-AR in the Langendorff-
perfused mouse heart.

A) Heart rate response upon illumination of the dorsal right atrium of a JellyOp pos. Langendorff-
perfused mouse heart (blue bar; 470 nm, 90 s, 2 mW/mm?); grey line = original traces; black line =
averaged traces. B) Heart rate response in the same heart as A upon perfusion with Iso (red bar; 4 min,
1 uM). C-E) Maximal heart rate increase (C), time to maximal response (D) and deactivation time (E)
upon supramaximal activation of JellyOp compared to Iso (N=5; grey lines correspond to same heart;
paired student’s t-test). F) Maximal heart rate increase in relation to the light spectrum, with
wavelengths applied from 400 — 700 nm (50 nm steps, 10 uW/mm?, 1 s). Spectral sensitivity was fitted
with the Govardovskii equation (red line, R? = 0.98; N=5)

3.2 Regional Gs-effect on ectopic pacemaking activity

In order to investigate regional effects of Gs-activation on arrhythmias, a CPVT mouse model generated
by Knollmann et al.1’3, was crossed with the JellyOp mouse line. This CPVT mouse line carries a Casq?2
null allele, which has a deletion of the promotor and exon 1, thus expressing no functional Casg2 from
this allele. Previous characterization of the mouse showed the occurrence of PVCs and VTs upon

stimulation with Iso in anesthetized mice in vivo.

The effect of local Gs-activation was first investigated in Casq2 +/- JellyOp pos. mice. The anterior side
of a Langendorff-perfused heart of a Casq2 +/- JellyOp pos. mouse was illuminated with a slit
illumination of 2 mm width to selectively illuminate three specific areas: 1) the atria, including the SA

node, 2) the AV septal area, including the AV nodal region and 3) the ventricles (Fig. 12A). Atrial
55



Results

illumination resulted in an increase in heart rate and the occurrence of supraventricular arrhythmias,
indicating the activity of ectopic pacemakers in the atria (Fig. 12B). Ectopic beats had a notably shorter
PQ interval duration and a distinct P-wave morphology (Fig. 12B,E). Illumination of the AV septal area
resulted in a heart rate increase, with progressive shortening of the PQ duration, until the QRS complex
occurrence was faster than the atrial activity (Fig. 12C). QRS complex shape remained unchanged,
indicating pacing by the AV node or upper ventricular conduction system, known as junctional
arrhythmias (Fig. 12F). Ventricular illumination prompted only a slight increase in heart rate and
reduction in PQ interval, which shows a minimal illumination of the SA node and AV node by scattered

light (Fig. 12D). The heart remained in sinus rhythm throughout (Fig. 12G).

Together these experiments using local illumination show that specific regional activation has distinct
influences on heart rate and pacemaking activity measurable by ECG recordings in Langendorff-
perfused mouse hearts, with only slight off-target effects through scattered light on other regions.
However, there was no induction of VTs by illumination of the Casq2 +/- JellyOp pos. mice (N=8), while
junctional arrhythmias occurred equally in Casg2 +/+ (5 out of 12) and Casq2 +/- (4 out of 8) JellyOp

pos. mice.

As Casq2 -/- mice have been reported to have a stronger phenotype than Casq2 +/- mice'’®, Casq2 -/-

mice were generated and used in the continuation of the thesis.
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Figure 12: Effect on ectopic pacemaking activity by regional JellyOp activation.

A) Schematic of a Langendorff-perfused Casq2+/- JellyOp pos. heart illuminated by slit illumination (2
mm) on three distinct regions. B-D) Heart rate (upper panel) and PQ interval (lower panel) traces upon
illumination (blue bar, 30 s, 0.7 mW/mm?) of three distinct heart regions as shown in A. B) lllumination
of the atria. C) lllumination of the AV-septal area. D) lllumination of the ventricles. E-G) ECG traces
before and during illumination corresponding to the time points indicated in B-D by pink lines.
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3.3 Generation of Gs-induced ventricular arrhythmias in Casq2 -/- hearts after

pharmacological heart rate reduction

Despite the reportedly stronger phenotype, VTs could not be induced in Casq2 -/- JellyOp pos.
Langendorff-perfused hearts by illumination of the ventricles (Fig. 13A-C). Therefore, it was tested
whether activation of endogenous B-AR was able to induce arrhythmias. However, Iso perfusion did

not induce VTs (Fig. 13D-F) but strongly increased heart rate by SA nodal stimulation.
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Figure 13: Effect of ventricular Gs-activation in JellyOp pos. Casq2 -/- hearts.

A) Heart rate response upon ventricular illumination (blue bar, 4 mW/mm?2, 30 s). B,C) ECG recordings
before (B) and after (C) JellyOp activation at the time points indicated in A by pink lines. D) Heart rate
response after Iso perfusion (red bar, 100 nM, 5 min). E,F) ECG recordings before (E) and after (F) Iso
perfusion at the time points indicated in D by pink lines.

To test whether the high heart rate prevented VTs, hearts were perfused with the parasympathetic
agonist Cch (1 uM) to activate M2 muscarinic receptors and lower the heart rate via G; signaling in the
SA node. This led to a heart rate reduction from an average of 328.0 + 8.7 to 121.1 + 11.5 bpm (Fig.
14A). However, still no VTs occurred after illumination (0 out of 3 mice) and only in 1 out of 7 mice
after Iso application (Fig. 14B,D,E). For Iso application, constant perfusion as well as bolus injection

through the aorta was tested (0.1-1 uM), which both did not induce VTs.
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The buffer used for Langendorff-perfusion has been previously used in a number of optogenetic
studies and is on the basis of a HEPES buffered tyrode solution. This is optimal to ensure long-lasting,
stable heart rate in ex vivo whole heart experiments. However, in the induction of arrhythmias, the
high buffering capacity of HEPES might be unphysiologically protective. Previous studies on the VT
generation in the Casq2 -/- mice were performed in anesthetized mice in vivo®®'’3, Physiologically the
most important buffer system in the blood is the bicarbonate buffer. To simulate in vivo conditions,
the buffer for Langendorff-perfusion was subsequently switched to KH buffer, which functions based
on bicarbonate buffering and pH equilibration with 5% CO,. With the perfusion of KH buffer, VTs
occurred more frequently after Iso perfusion in 5 out of 7 mice (Fig. 14C,F-H). PVCs as well as triggered
VTs occurred, while reentry VTs could not be observed. Subsequent investigations of PVCs and

triggered VTs were therefore performed in KH buffer.
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Figure 14: VT induction by B-AR activation in Casq2 -/- hearts after heart rate reduction.

A) Heart rate of Langendorff-perfused mouse hearts at baseline (black) and during Cch (1 uM, red)
perfusion (N=5, paired student’s t-test). B,C) Heart rate response upon perfusion with 100 nM Iso (red
bar) during Cch-reduced heart rate in Casq2 -/- hearts perfused with HEPES buffer (B) or bicarbonate
buffered KH buffer (C). Pink lines indicate time points depicted in D-G. D,E) ECG recordings before (D)
and during (E) Iso prefusion in a heart perfused with HEPES buffer. F,G) ECG recordings before (F) and
during (G) Iso perfusion in a heart perfused with KH buffer. H) Number of mice displaying at least one
episode of VT upon Iso perfusion (red bars, N=7) during Langendorff-perfusion with either HEPES or
KH buffer.

3.4 Induction of VT by optogenetic Gs-stimulation after pharmacological heart

rate decrease

After establishing a buffer perfusion protocol to investigate Gs-induced VTs, the source region of these
VTs could be investigated by local optogenetic activation. In order to selectively activate the
endocardium, a 360° light-emitting catheter was developed by LifePhotonic GmbH (Bonn), consisting

of a light fiber with a cylindrical tip (diameter: 500 um, length of illumination zone: 4 mm) coated with
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light scattering particles, which could be inserted into the ventricles (Fig. 15A). The light catheter was
coupled to a 488 nm laser (Omicron-Laserage). An integrating sphere (Thorlabs) was used to accurately
measure the intensity of the light dispersed by the catheter in all directions (Fig. 15B). To calculate the
intensity of illumination per area, the endocardial ventricular area of the mouse heart was estimated
from published echocardiographic data. For this, the endocardial lumen area of the short axis (A2=12.6
mm? 179) of CD1 mouse hearts during diastole was taken to calculate the endocardial surface area
(SAendo=4*1t*r?, with r:m/n) with the LV lumen approximated as a sphere (Fig. 15C). This led to an

approximation of the endocardial surface area being ~15 mm?2.

A B

Light catheter Integrating sphere for intensity measurements

@ -

Figure 15: Endocardial illumination in Langendorff-perfused hearts using a light catheter.

A) A 360° light catheter coupled to a blue light (488 nm) laser (upper panel) was developed to be
inserted into the ventricle of a Langendorff-perfused mouse heart and to illuminate the endocardium
(lower panel: epicardial view after insertion into the LV). B) Integrating sphere (Thorlabs) used for
accurate measurement of total light intensity emitted by the light catheter. C) Left: Schematic of the
cross-section of the heart along the short axis to depict LV endocardial lumen area (A2) from which
the radius (r) of the LV lumen was calculated. Right: spherical approximation of the LV lumen from
which the endocardial surface area (SAendo) Was calculated using r.

Endocardial illumination after Cch-induced decrease of heart rate induced individual PVCs, followed
by triggered VT, which self-terminated shortly after termination of illumination (Fig. 16). PVCs or

triggered VTs could be induced in 4 out of 4 Casq2 -/- JellyOp pos. hearts.
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Figure 16: Optogenetic VT induction in Casg2 -/- JellyOp pos. mice.

A) Original frequency trace of a Langendorff-perfused heart of a Casg2 -/- JellyOp pos. mouse.
Continuous perfusion with 1 uM Cch (indicated by red arrow) and subsequent endocardial illumination
(30's, 1 mW/mm?, blue bar) leads to VT. B) ECG trace depicting individual PVCs (red arrows) and start
as well as termination of triggered VT (tVT). Traces correspond to time windows in A (pink boxes).

3.5 Characterization of VT inducibility of the left and right ventricle

The light catheter was used for illumination of the LV and the right ventricle (RV) with similar light
stimulation (total applied light stimulation 3-6.5 s*mW/mm?). Upon illumination of Cch-perfused
(1uM) hearts, PVCs and triggered VTs were observed. Triggered VTs consisted of fast-paced individual
extrabeats. Therefore, each QRS complex in a triggered VT was counted as an individual PVC for the
guantification of PVCs. Both LV and RV illumination lead to a significant increase of PVC count in the
Casq2 -/- JellyOp pos. mice (Fig. 17A). The PVC count between the LV and the RV was not significantly

different.

The triggered VTs occurring in Casg2 -/- JellyOp pos. mice were further characterized by the delay from
illumination start to the start of the triggered VT and the duration of the triggered VT. Time to start of
VT was significantly shorter by illumination of the LV than the RV (Fig. 17B). There was no significant

difference in VT duration between the illumination of the LV and RV (Fig. 17C).
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Figure 17: VT generation in Casq2 -/- mice by endocardial illumination of the LV and RV.

A) PVC count in Casqg2 -/- JellyOp pos. mice after endocardial catheter illumination of the LV or RV (illu:
3-6.5 s*mW/mm?, BL: 30 s interval before illu; during continuous perfusion with 1 pM Cch); Brown-
Forsythe and Welch ANOVA with Dunnett’s T3 post-test (N=4; n=34-38). B,C) Time to start of triggered
VT (tVT) (B) and duration of tVT (C) after illumination of the RV or LV in Casqg2 -/- JellyOp pos. hearts
(unpaired Welch’s corrected t-test; N=4; n=9-17).

3.6 Influence of heart rate on VT induction

The Gs-induced PVC and VT occurrence after pharmacological heart rate reduction by Cch indicated
that higher heart rate might act protective towards VT generation. The role of heart rate on the
inducibility of VTs was further investigated by pacing the ventricles electrically at a high and a low
beating rate. For this, the atria were removed prior to pacing to abolish the sinus rhythm and thus
reduce intrinsic beating frequency. Then, the ventricles were paced at 400 bpm and 200 bpm and
endocardial illumination in the LV was applied to induce VTs. Interestingly, PVCs did not occur at high
beating frequency (Fig. 18A,B). In contrast, PVCs occurred frequently at low beating frequency after
endocardial illumination (Fig. 18C-E). Thus, a low heart rate presents a risk factor for VTs, while a faster

heart rate seems protective against VTs.
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Figure 18: Influence of heart rate on PVC induction.

A-D) Representative ECG traces of a Langendorff-perfused heart during ventricular pacing at high (400
bpm) and low (200 bpm) before (A,C) and after (B,D) endocardial illumination (1 s, 500 pyW/mm?). Note
the occurrence of PVCs (red arrows) in D. E) Number of PVCs per second occurring after endocardial
illumination during low and high frequency pacing (N=5, n=15, unpaired Welch’s corrected t-test).

3.7 Comparison of VT inducibility by endocardial and epicardial Gs-stimulation

After showing that endocardial Gs-activation induced PVCs at low beating frequencies, the next step
was to compare the sensitivity towards PVC generation in the endocardium with the sensitivity in the
epicardium. Because there was no difference between RV and LV illumination in PVC generation (Fig.
17), the LV was used for these experiments because the LV has a greater wall thickness than the RV.
At an LV wall thickness of 0.7-1 mm, approx. 10% of blue light is expected to penetrate the tissue. The
wall thickness can reduce activation overlap from light penetration through the tissue and thereby
minimize JellyOp activation in the endocardium by illumination of the epicardium and vice versa. In
order to generate comparable results by endocardial and epicardial illumination, identical illumination
parameters had to be developed. As described in Chapter 3.4, the endocardial surface area had been
estimated to be 15 mm?2. In order to match the epicardial illumination to the endocardial illumination,
a circular light beam was focused onto the epicardium via the fluorescence macroscope with the same

size and intensity as the endocardial illumination (Fig. 19).
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Figure 19: Light-intensity matched endocardial and epicardial illumination.

Schematic for comparison of endocardial illumination using the light catheter and epicardial
illumination using a fluorescence macroscope. Epicardial illumination area was matched to an
estimated spherical left ventricular endocardial area as described in Chapter 3.4.

After atria removal, hearts were electrically paced at 200 bpm and alternately illuminated epicardially
and endocardially. Fig. 20A-E shows corrected ECG signals in which electrically paced beats were
removed offline to only depict PVCs. Endocardial illumination in Casq2 -/- JellyOp pos. hearts (Fig. 20A)
induced a high number of PVCs with a definitive starting point, duration and end point. Epicardial
illumination (Fig. 20B) in the same heart induced a much lower number of PVCs, even when the light
intensity was increased ten-fold on the epicardium (Fig. 20C). Statistically, endocardial illumination
produced significantly more PVCs than epicardial illumination with identical intensity (Fig. 20F, purple
dots). To nevertheless exclude a possible discrepancy in the light application method, the epicardial
illumination was also performed with ten-fold increased intensity, which still generated significantly

less PVCs than endocardial illumination (Fig. 20F, Epi 10x int).

Endocardial illumination in hearts from Casq2 +/+ JellyOp pos. mice only generated PVCs in some
hearts with significantly lower PVC count/s after endocardial illumination (Fig. 20D,F, blue dots),
showing that the generated PVCs are enhanced by the CPVT phenotype. Endocardial illumination of
Casq2 -/- JellyOp neg. mice did not affect PVC generation (Fig. 20E,F, grey dots), excluding unspecific

light effects, such as heat development.
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Figure 20: Induction of VT by endo- and epicardial illumination.

A-C) Representative corrected ECG traces (pacing signals removed to only depict PVCs) of endocardial
(Endo, A) and epicardial (Epi, B) illumination with identical intensities (blue bar, 1 s, 500 pW/mm?) and
epicardial illumination with 10-fold higher intensity illumination (Epi 10x int, blue bar, 5 mW/mm?) in
a Casq2 -/- JellyOp pos. heart. D) Representative corrected ECG trace of endocardial illumination (blue
bar, 1's, 500 pW/mm?) in a Casq2 +/+ JellyOp pos. heart. E) Representative corrected ECG trace of
endocardial illumination (blue bar, 1 s, 500 pW/mm?) in a Casq2 -/- JellyOp neg. heart. F) Number of
PVCs per second occurring after illumination of either the endocardium (Endo) or the epicardium (Epi)
with identical intensities (1 s, 500 puW/mm?) or the epicardium with 10x higher intensity (Epi 10x int, 5
mW/mm?) in Casqg2 -/- JellyOp pos. (purple), Casq2 +/+ JellyOp pos. (blue) and Casq2 -/- JellyOp neg.
(grey) hearts (N=5, n=15, Brown-Forsythe and Welch ANOVA with Dunnett’s T3 post-test - ****: group
Endo Casg2 -/- JellyOp pos. to all other groups.).

To further analyze the temporal kinetics of the occurring PVC bursts with clearly identifiable start and
end points in the Casqg2 -/- JellyOp pos. mice, time from illumination to start of PVC burst, PVC burst
duration and PVC burst period were calculated. PVC burst period is the average interval between 2
ventricular beats (including paced beats) during the PVC burst. Time to PVC burst start was significantly

shorter after endocardial than epicardial illumination (Fig. 21A). PVC burst duration was significantly
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longer after endocardial illumination (Fig. 21B) and the period of the intervals between PVCs was

significantly shorter after endocardial illumination (Fig. 21C).
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Figure 21: Qualitative analysis of PVC bursts induced by endo- and epicardial illumination in Casq2 -
/- JellyOp pos. hearts.

The PVC bursts occurring in Casg2 -/- JellyOp pos. hearts during slow electrical pacing after illumination
of the endocardium (N=5; n=14) or the epicardium (N=5; n=9, including 10x Int) as depicted in Fig. 20A-
C were analyzed regarding time to start of PVC burst (A) duration of PVC burst (B) and PVC burst period
(C). A+B: unpaired student’s t-test; C: unpaired Welch’s corrected t-test.

3.8 Effect of endocardial ablation on PVC incidence

The increased PVC incidence after endocardial illumination compared to the PVC incidence after
epicardial illumination indicates that subendocardial cardiomyocytes might be the origin of PVCs and
VTs. To confirm that the origin of the PVCs observed upon endocardial illumination was located in the
first subendocardial cell layers within the LV, which among endocardial cardiomyocytes also contain
Purkinje cells, these cell layers were chemically ablated by Lugol solution, an iodine solution containing
5% |, and 10% KI. Exposure to Lugol solution leads to cardiomyocyte death, whereby conduction
system cells are especially sensitive to Lugol solution, but bolus injection into the ventricle also ablates
the innermost subendocardial cardiomyocytes!’>81-183_ Aplation of the subendocardial cardiomyocyte
layer was confirmed after the experimental procedure by fixation and staining for a-actinin. After Lugol
ablation, a-actinin signal, and thus functional cardiomyocytes, was lost in the subendocardial cell layer
of the LV (Fig. 22A). The endocardium of the non-ablated RV is shown as a control for intact
endocardium with a-actinin positive cardiomyocytes. Hearts were endocardially illuminated before
and after bolus injection of Lugol solution. Before Lugol ablation, PVCs occurred frequently after
illumination. After Lugol ablation of the LV endocardium, PVC count after endocardial illumination was
significantly reduced compared to before ablation and in 2 hearts, even completely abolished (Fig.

22B-F).
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Figure 22: PVC induction after endocardial ablation.

A) Immunostaining of the LV (upper image) and RV (lower image) after endocardial ablation of the LV
using Lugol solution; a-actinin (red), Cy3 autofluorescence (white) and DAPI (blue); left scale bar = 100
pum, right scale bar = 30 um. White arrow (insert, right) indicates ablation of the first subendocardial
cardiomyocyte layer identified by lack of a-actinin signal. B-E) Example traces of corrected ECG and
original ECG traces before (B,C) and after (D,E) Lugol ablation (illumination: blue bar, C+E at 10 s after
illu); PVCs marked by red arrows. F) PVC count per second after endocardial illumination (500 pW/mm?
or 5 mW/mm? (10x intensity) before (purple) and after (red) endocardial ablation in Casqg2 -/- JellyOp
pos. hearts (N=5, n=15; Ordinary one-way ANOVA with Tukey’s post-test).
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3.9 Investigation of transmural JellyOp expression levels

Multiple factors could influence the increased sensitivity of the endocardium to produce JellyOp
activation-induced arrhythmias, such as receptor expression levels, excitability of the cardiomyocytes
or differences in downstream signaling and effector proteins of the Gs-signaling cascade. To investigate
the origin of this increased susceptibility to generate PVCs, first immunofluorescence staining of a
cross-section over the left ventricular wall of a JellyOp pos. heart was analyzed to ensure that JellyOp
expression was not significantly higher in the endocardial cardiomyocytes (Fig. 23A,B). Intensity
analysis of the native GFP signal (relative to a-actinin) showed a small but significant difference in
JellyOp expression in the endocardium (defined as the first 300 um of myocardial tissue from the LV
lumen) compared to the mid-myocardium (defined as the myocardial tissue 300-600 pum from the LV
lumen) and the epicardium (defined as myocardium more than 600 um from the lumen) (Fig. 23C).
There was no significant difference between mid-myocardial and epicardial tissue. The relative GFP
signal measured in the endocardium (1.111 + 0.006), however, was on average 4.0% and 5.7% lower
than in the mid-myocardium (1.158 + 0.0011) and the epicardium (1.178 + 0.007), respectively.
Therefore, the increased VT incidence by endocardial illumination cannot be explained by an increased
JellyOp receptor expression. This indicates an endogenous difference in the endocardial compared to

the epicardial cardiomyocytes as the cause for the increased arrhythmogenicity.
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Figure 23: Transmural JellyOp expression.

A) JellyOp staining (1d4, upper panel, white), native GFP signal (middle panel, heat gradient) and a-
actinin staining (lower panel, red) of a JellyOp pos. mouse heart. Depicted are excerpts of the
endocardium (left panel, Endo), mid-myocardium (Midmyo, middle panel) and the epicardium (Epi,
right panel). Scale bar = 50 um. B) overview of the left ventricular free wall (merged image of a-actinin
in red, GFP in green, 1d4 in white; scale bar = 500 um). White boxes indicate the images depicted in A.
C) Relative GFP intensity normalized to a-actinin in the three myocardial layers. Endocardium was
defined as up to 299 um from the lumen border, mid-myocardium 300-599 um and epicardium =600
pum (Ordinary one-way ANOVA with Tukey’s post-test).

3.10 Comparison of excitability of the endocardium and the epicardium

Another aspect that could be the underlying cause for the increased PVC generation in the endocardial
cardiomyocytes is excitability, the propensity for a certain depolarization of the cardiomyocyte to
cause an action potential. ChR2-expressing mouse hearts were used for the comparison of the
excitability in the two areas, because Chr2 is a blue light-sensitive cation channel, which depolarizes
the cells upon activation. Hereby, the depolarization of the cell is proportional to the applied light
intensity. Short light pulses can thus be used to pace the heart. The lowest light intensity at which the
heart can be paced is defined as the pacing threshold and used here as a read-out for the excitability
of the cardiomyocytes upon depolarization. Langendorff-perfused ChR2-expressing mouse hearts
were paced at 400 bpm by 10 ms long light pulses either using the light catheter in the LV (Fig. 24A) or

macroscopic illumination (Fig. 24B) with identical configurations as for the JellyOp pos. hearts (Chapter
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3.7) to determine pacing thresholds for endocardial and epicardial illumination. Interestingly, pacing
thresholds in the endocardium were lower than in the epicardium (Endo: 36.9 + 3.6 pyW/mm?; Epi: 71.1
+ 8.6 UW/mm?), but only by a factor of two, which does not explain the more than ten-fold increased
VT sensitivity of the endocardium (Fig. 24C). Thus, excitability — as well as differences in light

application — were ruled out as causes for the increased VT occurrence in the endocardium.

Furthermore, pacing thresholds were determined during perfusion with the two previously used
buffers — HEPES and KH buffer — to investigate whether the increased arrhythmic susceptibility in KH
buffer (Chapter 3.3) could be explained by increased excitability, but no significant difference in pacing

threshold between the two buffers was found (Fig. 24C).

A B
=k S 47
E E
T 2. T2
o | =
] w
® 0 O 04
O g @] g
L 1 L
—— _2. ———
e 200 ms 200 ms
c
& * *%k%k
5150' Endo
&= e Epi
z
— o
> 100 1 *
E - ‘
S 50+
S = —1
-
[7p]
(0]
E 0'| T 1
= KH buffer = HEPES

buffer

Figure 24: Endo- and epicardial ventricular pacing in ChR2 pos. hearts.

A) ECG trace of ventricular pacing of a ChR2 pos. mouse heart by endocardial illumination (blue bars,
39,5 uW/mm?, 10 ms, 400 bpm). B) ECG trace of ventricular pacing of a ChR2 pos. mouse heart by
epicardial illumination (blue bars, 68 pW/mm?2, 10 ms, 400 bpm). C) Pacing thresholds for endocardial
and epicardial illumination in ChR2 pos. mouse hearts perfused with KH buffer or HEPES buffer (N=5;
ordinary one-way ANOVA with Tukey’s post-test).
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3.11 Effect of PDE inhibition on PVC generation

It was shown in the previous chapters (3.9, 3.10) that the cause for the increased sensitivity of the
endocardium to generate PVCs after illumination was neither found on the receptor level nor due to
differences in illumination configuration or cell excitability. Thus, it can be expected that the difference
lies downstream of the receptor in the Gs-signaling cascade. It is well established in the literature that
PDEs regulate Gs-response in cardiomyocytes through the degradation of cAMP, which limits diffusion
and thereby creates cAMP microdomains. Changes in PDE expression — e.g. in heart failure — severely

alter Gs-effects, which can be pro-arrhythmogenic®>1%3,

However, no previous literature was found on differences in endocardial and epicardial
cardiomyocytes regarding PDE expression or phosphorylation of effector proteins. Thus, the influence
of PDEs on endo- and epicardially-induced PVCs was investigated by applying IBMX —an unspecific PDE
inhibitor. For this, light dose-response curves were generated: Hearts were illuminated endo- and
epicardially with an illumination protocol of light pulses (1 s light duration, 30 s interval between
pulses) with increasing light intensities. Fig. 25A,B depict PVCs occurring during the illumination
protocol for endocardial (A) and epicardial (B) illumination without IBMX and during perfusion with 1
UM and 3 uM IBMX. Note the ten-fold higher maximal intensity used for epicardial illumination (11.9
mW/mm?) compared to endocardial illumination (1.09 mW/mm?). Light dose-response curves were
generated for averaged PVC count per second (Fig. 25C,D). IBMX dose-dependently increased baseline
occurrence of PVCs and total PVC count per second after endocardial as well as epicardial illumination
(Fig. 25C,D, orange and red traces). To account for the increased occurrence of PVCs at baseline, the
dose-response curves were corrected by subtraction of baseline PVC count (Fig. 25E). The corrected
dose-response curves were fitted with a Hilll equation to calculate the light intensity needed for half-
maximal effect (Eli50). A slight shift in corrected light dose-response was apparent in the epicardial
illumination, with the Eli50 shifting from 5.0 mW/mm? at 0 uM IBMX to 2.0 mW/mm? at 3 uM IBMX.
However, IBMX did not shift EIi50 to endocardial levels, which displayed an EIi50 at 0 uM IBMX of 0.2
mW,/mm?2. Endocardially, a slight shift also occurred after IBMX application to 0.12 mW/mm? at 3 uM.
If PDE inhibition affected the sensitivity towards PVC generation, it would be expected that the
strongest increase in corrected PVC count would occur at the ELi50. Therefore, corrected PVC counts
at Eli50 of OuM IBMX were compared. The corrected PVC count at ELi50 of 0 uM IBMX was not

significantly changed by IBMX neither in the endocardial nor the epicardial illumination (Fig. 25F,G).

These results show that inhibition of PDE increased PVC occurrence, validating that increased cAMP
levels caused the observed arrhythmias. PDE inhibition, however, does not abolish the endo-epicardial
difference, indicating that presumable differences in PDE expression or activity are not the leading

cause of increased arrhythmogenicity of the endocardium.
72



Results

A B
Epi |
S L R VU SN OUOS SUUUL UM WOUUN | R, W
A M M A A R | | I
IR EEEEEEEE -
= Sal L ¢ & 0 F ¥ 2 0 I
3 g I T T T T T O A O T B
9 @47 b
- A A 1 IE
3 8 4] ol 5
(&) [&) H : Z
o 8 =
S S
4 w
=
=
2
-8 | | x
60s
C D
5 ENdE 0 M IBMX 5 EBI
1 uM IBMX
4 44

3 UM IBMX

—
I

-
L

PVC count/s
N w
PVC count/s
N w

o

0.1 1 10 0.1 1 10
Light [mW//mm?] Light [mW//mm?]

E F G

Endo (0.2 mW/mm?®) Epi (5 mW/mm?)

1171

w
1l
=N
1

w
1

Corrected PVC count/s
N

Corrected PVC count/s
N w

N
1
®
.

=
1

—_
L
-
1

{;%{—

Corrected PVC count/s

o
o
L
o
L

0.1 3
Light [mW//mm?] IBMX [UM] IBMX [uM]

Figure 25: Light-induced PVCs during PDE inhibition.

A,B) Exemplary traces of corrected ECG only depicting PVCs of a heart perfused with 0 uM (upper
panel), 1 uM (middle panel) or 3 uM (lower panel) IBMX upon endocardial (A) or epicardial (B)
illumination with increasing light intensities (endocardial: 0.0035-1.09 mW/mm?; epicardial: 0.35—
11.9 mW/mm?; 1 s). C-D) Dose response curves of averaged PVC count per second after endocardial
(C) and epicardial (D) illumination as depicted in A+B (N=4). E) Dose response curves of corrected,
averaged PVC count (baseline PVC count subtracted). Lines: Hill1 fit (Origin). F,G) corrected PVC counts
at illumination closest to ELi50 of 0 uM IBMX for endocardial (F, ELi500 um, endo = 0.2 mW/mm?) and
epicardial (G, ELi500 um, epi = 5 mMW/mm?) illumination (N=4; Ordinary one-way ANOVA with Tukey’s
post-test).
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3.12 Differential expression and phosphorylation status of SR calcium handling

proteins in the endocardium and the mid-myocardium

Since differences in PDE activity seemed not to be the cause for the increased sensitivity in the
endocardium, the next step was to investigate down-stream targets of the Gs-signaling cascade. PVCs
observed in CPVT are known to be caused by calcium leak from the SR. Therefore, western blot analysis
was used to investigate if effector proteins of the SR calcium handling machinery were differentially
expressed. Therefore, tissue sample collection of subendocardial and mid-myocardial tissue was
established by dissecting and freezing the LV free wall flat, endocardial side up on embedding medium
(Fig. 10). Then, 300 um of tissue from the endocardial side was cut and collected as the subendocardial
sample. After discarding the next 500 um of tissue, 300 um mid-myocardial tissue was collected.
Western blots for RyR2 (Fig. 26A,B), Serca2a (Fig. 26C,D) and PLN (Fig. 26E,F) showed no significant

difference in expression between subendocardial and mid-myocardial tissue.
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Figure 26: Local expression of calcium handling proteins.

A) Western Blot of RyR2 (565 kDa) and membrane staining of Bio-Rad stain free total protein (stain
free). (E: subendocardial tissue; M: mid-myocardial tissue) B) RyR2 expression normalized to stain free
and rel. to strongest band. (N=4) C) Western Blot of PLN (6 kDa) and membrane staining of Bio-Rad
stain free total protein (stain free). D) PLN expression normalized to stain free and rel. to strongest
band. (N=4) E) Western Blot of Serca2a (100 kDa) and membrane staining of Bio-Rad stain free total
protein (stain free). F) Serca2a expression normalized to stain free protein quantification and relative
to strongest band (N=7). Paired student’s t-tests for B, D, F.
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Since there was no difference in expression levels of SR calcium handling proteins, further investigation
into the phosphorylation status in the heart regions was performed. For this, an antibody for PKA
phosphorylated proteins at the PKA-specific recognition sequence RRXS*/T* was used for western
blots. Western blot of tissue from Langendorff-perfused hearts at basal conditions revealed 5 distinct
bands of phosphorylated proteins (Fig. 27A): band 1 - 147.7 kDa; band 2 - 120.6 kDa; band 3 - 67.5 kDa;
band 4 - 26.1 kDa; band 5 - 10 kDa. Tissue samples from hearts stimulated by perfusion with Iso (1 uM,
5 min) had increased signal intensities compared to tissue samples from hearts at basal
phosphorylation (Fig. 27B). Normalized intensities of each band (Fig. 27C-L) revealed significantly lower
phosphorylation of bands 1 and 5 in the subendocardium at baseline. Band 5 also had lower
phosphorylation in the subendocardium in Iso stimulated hearts. Furthermore, subendocardial and
mid-myocardial tissue had differential phosphorylation in 3 out of 4 mice in band 2 at 120.6 kDa: while
the subendocardial tissue showed a clear increase in phosphorylation after Iso stimulation, there was
almost no increase in phosphorylation in the mid-myocardial stimulated tissue. The other bands (3+4)

were not differentially phosphorylated.
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Figure 27: Local PKA phosphorylation status.

A+B) Western blot of RRXS*/T* phosphorylated proteins and corresponding membrane staining of Bio-
Rad stain free total protein (stain free). Tissue collected from basal (BL, A + last 4 lanes in B for
normalization of the 2 blots) or stimulated (iso in B, 1 uM, 5 min) Langendorff-perfused hearts (E:
subendocardial tissue; M: midmyocardial tissue). C-G) Intensities of bands 1-5 in BL hearts as indicated
in A normalized to stain free and rel. to strongest band in Iso hearts (N=4; paired student’s t-test). H-
L) Intensities of bands 1-5 in Iso stimulated hearts as indicated in B, normalized to stain free and
relative to strongest band in Iso stimulated hearts (N=4; paired student’s t-test).
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To further analyze the transmurally differential phosphorylation status, endocardial to mid-myocardial
ratios (endo/myo) for each heart were generated (Fig. 28). An increase of the endo/myo ratio after Iso
stimulation compared to baseline would indicate a higher relative phosphorylation increase by Iso
stimulation in the endocardium than the mid-myocardium. There was a significantly higher endo/myo
ratio in band 5 (Fig. 28E). Bands 1 and 2 also showed a slightly increased endo/myo ratio (Fig. 28A,B).
Especially, Band 2 might be a protein of interest because 3 out of 4 mice showed a clear increase of

endo/myo ratio after Iso stimulation. However, these differences were not statistically significant.
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Figure 28: Endocardial-myocardial phosphorylation ratio upon adrenergic stimulation.

A-E) Endocardial to mid-myocardial ratio of phosphorylation in basal (BL, black) and Iso stimulated
(red) tissue (band 1, 4, 5: unpaired student’s t-test; band 2, 3: unpaired Welch’s corrected t-test) for
each band shown in Fig. 27A,B.

Because the estimated molecular weight of the protein in band 5 correlated with the PLN band at
~10kDa (Fig. 26C), a specific antibody for Ser16 phosphorylated PLN (P-PLN) was subsequently used to
analyze PLN phosphorylation status. These results confirmed that basal PLN phosphorylation was
significantly reduced in subendocardial tissue (Fig. 29A,C). Even though the difference was still
significant in Iso perfused hearts (Fig. 29B,D), Iso stimulated hearts had a higher endo/myo ratio,
indicating a stronger phosphorylation of PLN in the endocardium than the epicardium (Fig. 29E).
However, this effect was not significant due to a higher variability in the Iso group (p=0.076).
Nevertheless, the results of the western blot analyses of RRXS*/T* band 6 and P-PLN indicate a
transmurally differential phosphorylation of PLN by PKA, which poses a potential explanation for the

Gs-induced PVC generation in the subendocardium.
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Figure 29: Local PLN phosphorylation.

A,B) Western blot of Serl6 phosphorylated PLN (P-PLN) and corresponding PLN expression. Tissue
collected from basal (A) or stimulated (B, 1 uM iso, 5 min) Langendorff-perfused hearts (E:
subendocardial tissue; M: midmyocardial tissue). C,D) Rel. PLN phosphorylation normalized to PLN
expression and rel. to highest P-PLN/PLN ratio (bl (grey): N=8, Iso (red): N=4, paired student’s t-test).
E) Endocardial to myocardial ratio of phosphorylation in basal (black) and Iso stimulated (red) tissue
(unpaired student’s t-test).

3.13 Influence of Gs-activation on the refractory period and APD of ventricular

cardiomyocytes

In the previous results sections, it was shown that Gs-signaling triggered PVCs and triggered VTs from
the endocardium. However, CPVT patients specifically suffer from polymorphic and bidirectional
reentry VT, which may further devolve into VF and thus cause sudden cardiac death. The molecular
mechanism for VT trigger via Gs-induced SR calcium leak has been studied extensively. However, only
limited studies were conducted on the influence of Gs-signaling on the modulation of the substrate of

areentry VT, which is critical for the duration and complexity of the VT leading to sudden cardiac death.

To first investigate Gs-effects on reentry VT inducibility, electrical S152 stimulation provided an ectopic
premature trigger to the Langendorff-perfused hearts. For this, an electrode was placed onto the base

of the RV and the heart was paced at 150 ms for 6 consecutive S1 pulses at 150 ms cycle length,
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followed by an S2 pulse fixed at a delay close to the effective refractory period of each heart. This delay
was determined before the start of the experiment as the last captured beat when shortening the S2
beat in 5 ms steps, resulting in 40-60 ms interpulse periods. The S1S2 protocol was repeated every 10
s. During this, the epicardium of the RV was illuminated after 30 s for a total of 70 s (Fig. 30A). It was
observed that after the second S1S2 stimulation during illumination (approx. 10 s after start of
illumination), the hearts did not capture the S2 beat anymore. This light effect lasted about 30 s before
the S2 pulse was captured again, still during illumination (Fig. 30B,C). The illumination period was thus
divided for the analysis into an early activation (P1, 10-40 s) and a late activation (P2, 40-70 s) phase.
During P1, the S2 capture rate was significantly reduced compared to S2 capture rate before
illumination as well as phase P2 (Fig. 30D). This could indicate a transient prolongation of the effective
refractory period in the JellyOp hearts. This effect was independent of the Casq2 genotype (Fig. 30D,

purple vs. blue dots).
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Figure 30: S1S2 capture rate upon illumination.

A) Exemplary heart rate trace during an illumination protocol. S1S2 electrical stimulation was
performed every 10 s. After 3 baseline stimulations, the RV was illuminated for 70 s (2 mW/mm?, blue
bar). B) Exemplary ECG recordings of S1S2 electrical stimulation (red lines) before illumination (1), at
12 s illumination (2) and at 52 s illumination (3) (1-3 labeling corresponds to labeling in A); green box
indicates capture, red box indicates no capture. C) S2 capture rate for the illumination protocol
depicted in A (N=6) D) S2 capture rate grouped in baseline (black), early phase (P1: 10-40 s, Casq2 +/+:
light blue; Casq2 -/-: light purple) and late phase (P2: 40-70 s; Casqg2 +/+: dark blue; Casq2 -/-: dark
purple;) as indicated in (C); one-way ANOVA with Tukey’s multiple comparisons post-test.

To further characterize the cause for the increased effective refractory period, action potentials of
cardiomyocytes were measured in the LV by sharp electrode in electrically paced Langendorff-perfused
Casq2 -/- JellyOp pos. hearts. For this, the hearts were paced electrically at a steady interpulse period
of 185 ms. Action potential duration at 60% repolarization (APD60) increased upon illumination by 5.6
+ 1.0 ms (Fig. 31). Thus, the transient increase of the effective refractory period in the S1S2 stimulation

protocol can be explained by an APD prolongation upon Gs-stimulation.
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Figure 31: APD prolongation upon Gs-stimulation.

A) Exemplary trace of APD60 of a Casq2 -/- JellyOp pos. cardiomyocyte in the LV during illumination
(blue bar; 30 s, 0.83 mW/mm? epicardial on the LV) during ventricular, electrical pacing at 185 ms
interpulse period. B) Exemplary action potential traces before illumination (black trace, corresponding
to dotted black line in A) and at peak response of illumination (blue trace, corresponding to dotted
blue line in A). C) APD60 before and at maximal response of illumination of Casqg2 -/- JellyOp pos. LV
cardiomyocytes (n=14; N=3, paired student’s t-test).

3.14 VT incidence during optogenetic Gs-stimulation upon arrhythmic triggering

This transient increase of the refractory period may indicate an interesting mechanism in the temporal
activation kinetics of the Gs-signaling cascade. Nevertheless, when evaluating the risk of arrhythmia
during Gs-activation, S2 capture had to be ensured. Thus, in the next experiment, S2 pacing was
increased to 5 ms above the capture threshold to compensate for the light-induced 5 ms increase in
APDG60. In this setting, S1S2 reliably captured and VTs could be induced. VT incidence was significantly
increased in Casq2 -/- JellyOp pos. mice during illumination compared to Casq2 -/- JellyOp neg. mice
(Fig. 32). The comparison to illuminated Casqg2 -/- JellyOp neg. mice proved a clear role of Gs-activation
on the VT generation and excluded unspecific phototoxic light effects. Incidence of sustained VTs
longer than >300 ms was also significantly increased and displayed a polymorphic reentry VT
morphology (Fig. 32A). Interestingly, Casg2 +/+ JellyOp neg. mice had significantly less VTs, indicating
that SR calcium handling might not only be involved in the VT trigger due to the generation of DAD but

also modulate the VT substrate to favor the stabilization of reentry VT.
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Figure 32: Triggered VT incidence upon Gs-stimulation.

A) Exemplary trace of an S1S2 electrical stimulation during (upper panel) and before (lower panel)
illumination (4 mW/mm?, 90 s). B) VT incidence during illumination (90 s from start of illumination of
the RV, S1S2 protocol every 10 s) in the three genotypes (Casqg2 -/- JellyOp pos: purple; Casq2 +/+
JellyOp pos.: blue; Casqg2 -/- JellyOp neg.: grey) grouped by VT duration (<300 ms or = 300 ms); one-
way ANOVA with Tukey’s multiple comparisons post-test.

Voltage mapping was performed to investigate the source of the generation of a reentry VT upon S1S2
premature triggering. For the combination of voltage mapping with optogenetic stimulation, a red-
shifted voltage-sensitive dye was used because its excitation and emission spectrum (exc. 660 nm; em.

795 nm) are outside of the activation spectrum of JellyOp (Fig. 11F).

In a JellyOp pos. heart displaying reentry VT upon S1S2 trigger after illumination, the conduction of the
excitation during the last S1 pulse and the S2 pulse was visualized using the activation map of the
action potential. Under baseline conditions before illumination, the conduction velocity measured in
three areas of the heart (Cv1: anterior LV base; Cv2 and Cv3: anterior RV apex) was lower in the S2
pulse than in the S1 pulse (Fig. 33A+B). lllumination only had a small effect on the conduction velocities
of the S1 pulse (Fig. 33A+C), but a strong effect on the conduction velocities of the S2 pulse (Fig.
33B+D): After illumination, the conduction velocity of Cv1 of the S2 pulse was increased compared to
baseline (0.55 m/s after illumination and 0.36 m/s at baseline), Cv2 was strongly increased (2.72 m/s
after illumination and 0.32 m/s at baseline), and Cv3, which was selected adjacent to Cv2 following the
excitation wave of the S1 pulse, was strongly reduced (0.14 m/s after illumination and 0.25 ms at
baseline). The S2 activation map (Fig. 33D) indicated a conduction block and an excitation of the

remote area behind the conduction block from the LV.
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Figure 33: Conduction of S1 and S2 stimulated excitation.

A+B) Activation map of S1 (A) and S2 (B) stimulated excitation under baseline conditions (BL). C+D)
Activation map of S1 (C) and S2 (D) stimulated excitation 30 s after start of illumination. Black arrows
indicate line selections for conduction velocity measurements (Cv1, Cv2, Cv3); White dots show pacing
electrodes, from which the excitation wave propagates. Voltage mapping was performed after staining
with Di-4-ANEQ(F)PTEA.

3.15 Modulation of VT complexity by optogenetic Gs-stimulation

The previous experiments showed that Gs-activation influenced VT substrate, increasing VT incidence
after a premature trigger. However, the resulting VTs were too short to assess the influence of Gs-
activation on VT complexity. JellyOp mice were, thus, perfused with the ATP-sensitive potassium (Katp)
channel opener pinacidil for this assessment. Pinacidil shortens the APD, so that stable-running reentry
VTs, similar to VTs in humans, can be induced. By electrical burst pacing (20 Hz, 2 s) on the base of the
RV, reentry VTs with a predominantly monomorphic morphology were induced. These VTs were

investigated by ECG recording and voltage mapping.
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After a stable-running monomorphic VT was induced, the anterior ventricles were illuminated (5 s, 1.5
mW,/mm?). lllumination decreased VT frequency from 19.8 + 0.4 Hz to 18.1 + 0.4 Hz (n=10, N=4) (Fig
34A,B). In rare cases (n=3, N=3), the frequency of the VT became unstable after illumination and the
ECG signal exhibited a clear shift from a monomorphic VT to a polymorphic VT (Fig. 34C,D). In a case
of such a shift in the ECG morphology, voltage mapping of the anterior epicardial surface of the
ventricles revealed a stable rotor before illumination (Fig. 34D, upper panel) with a dominant
frequency of 19.5 Hz in the LV as well as the RV (Fig. 34E, upper panel). After illumination, the rotor
became unstable, with the rotor core meandering through the RV (Fig. 34D, lower panel). The
dominant frequency in the LV decreased slightly to 17.1 Hz, while in the RV, the dominant frequency
doubled to 34.2 Hz (Fig. 34E, lower panel).
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Figure 34: G.-activation influences reentry VT frequency and morphology.

A) Frequency response of a reentry VT induced by burst pacing during perfusion with 100 nM pinacidil
upon illumination (blue bar, 5's, 1.5 mW/mm?) in a JellyOp pos. heart. B) VT frequency before (BL,
black) and upon maximal illumination effect (Illu, blue); n=10; N=4; paired student’s t-test. C) VT
frequency trace of a reentry VT that shows a switch from a regular to an irregular frequency upon
illumination (blue bar, 5's 1.5 mW/mm?) with corresponding ECG traces before (right panel, grey inlet)
and after illumination (right panel, purple inlet). D) Voltage mapping of the anterior wall of the LV and
RV of the heart depicted in C reveals a stable rotor before (upper panel) and a meandering rotor (lower
panel) after illumination. Depicted are phase maps at three time points before and after illumination;
rotor core marked with o and previous core position in transparent. E) Dominant frequency of a 1.5 s
recording before and after illumination as shown in C+D. Voltage mapping was performed after
staining with PGH-1.
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3.16 Ventricle-specific optogenetic modulation of VT complexity

The previous chapter showed a differential response upon transition to a higher complexity VT in the
RV and the LV. To further investigate the differential complexity of the VTs in the LV and RV, local ECG
recordings of the LV and RV were recorded by placing a silver-chloride electrode onto the free wall of
the respective ventricle and using the metal spoon placed on the dorsal septal area of the heart as the
indifferent electrode (Fig. 35A). Half of the anterior ventricular walls were illuminated to activate
JellyOp selectively in the LV or the RV. This local illumination led to an observed increase in complexity
of the ECG morphology. While RV ECG, after illumination, showed a polymorphic or VF-like morphology
(Fig. 35B, blue box), LV ECG mostly displayed alternans morphology (Fig. 35C, blue box).
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Figure 35: Ventricle-specific VT modulation.

A) Schematic of a Langendorff-perfused heart with the electrodes placed for local ventricular ECG (LV
ECG in red and RV ECG in black) with half-circular illumination indicated by blue outline. B,C)
Representative local electrograms with ECG leads placed on the RV (black) and LV (red) free wall before
(left panel) and after (right panel) illumination (2 s, 1.0 mW/mm?) of the RV (B) and LV (C). Note the
higher VT complexity and frequency in the ECG leads of the illuminated regions.

To analyze and quantify the observed change in morphology of the ECG signals, the frequency
components of the ECGs displayed in Fig. 35B,C were further analyzed using an FFT analysis. Under
baseline conditions, the FFT amplitude spectrum consisted of one dominant frequency with its
harmonics at approx. 22 Hz. After RV illumination (Fig. 36 A,B), several irregular frequencies occurred
in the RV ECG FFT in addition to the dominant frequency (Fig. 36B, green box). The LV ECG FFT mostly

remained stable with a slight shift to the higher harmonics of the dominant frequency. LV illumination
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(Fig. 36C,D) induced a pronounced disarray in the LV ECG FFT (Fig. 36D, green box). The RV ECG FFT
was altered by an almost complete loss of the lower baseline frequency and a shift to the higher

harmonics (double) frequency.
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Figure 36: FFT of a reentry VT upon Gs-stimulation.

A) Time course of the FFT amplitudes of the RV ECG (upper panel) and the LV ECG (lower panel) during
RV illumination (blue bar). B) FFT Amplitudes corresponding to time points before (left panel) and after
(right panel) RV illumination as indicated in A by pink dotted lines. C) Time course of the FFT amplitudes
of the RV ECG (upper panel) and the LV ECG (lower panel) during LV illumination (blue bar). D) FFT
Amplitudes corresponding to time points before (left panel) and after (right panel) RV illumination as
indicated in C by pink dotted lines.
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Especially the irregularity of the higher frequency interval could be an indicator for a polymorphic or
VF like morphology. To quantify the irregularity in the high-frequency component, the standard
deviation (SD) of the frequency in an interval including the second harmonic (35-40 Hz) up to 100 Hz
was calculated. Fig. 37A shows an exemplary time course of the SD of the RV ECG (upper panel) and
the LV ECG (lower panel) during illumination of the RV (the example corresponds to the traces in Fig.
35B and Fig. 36 A,B). The SD increases rapidly in the RV and the LV after illumination. For statistical
analysis the mean of the high frequency SD in a 30 s interval before illumination (BL) and 30 s interval
after illumination (Illu) were compared. RV illumination induced a significant increase in the SD in the
RV ECG and the LV ECG. The increase of the SD was slightly larger for the RV ECG with an increase of
17.19 £ 4.46 % compared to the LV ECG, which showed an increase of 9.37 £ 4.11 %. Illumination of
the LV, however, did not show a significant change in SD of the high-frequency component in either
ventricle, even though in some cases an increase in complexity was observed as shown in the previous

examples (Fig. 36 C,D).

Taken together, the illumination of both ventricles simultaneously during a monomorphic VT induced
a doubling of the dominant frequency in the RV (Fig. 34D,E). This led to the investigation of local Gs-
stimulation of the RV and the LV. This local stimulation further implicated the RV as the driving force

in the switch of the VT to higher complexity with increased irregularity in the higher frequencies.
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Figure 37: Irregularity of high frequencies during ventricle-specific Gs-stimulation.

A) Exemplary traces of the standard deviation of the high-frequency FFT component (High Freq SD; 35-
100 Hz) during RV illumination (blue bar). Upper panel shows High Freq SD of the RV ECG (black), lower
panel shows that of the LV ECG (red). B,C) Mean High Freq SD 30 s before (BL) and 30 s after
illumination (illu) during RV illumination (B) or LV illumination (C) (RM one-way ANOVA; n=17-18; N=3).
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4 Discussion

4.1 The significance of Gs-induced ventricular arrhythmias

Sudden cardiac death is one of the leading causes of death worldwide accounting for an estimated 15-
20% of all deaths'*. Most commonly, it occurs due to fatal ventricular arrhythmias in structurally
diseased hearts, e.g. after myocardial infarction or in heart failure, but also due to hereditary
arrhythmia syndromes. Apart from ICDs, B-blockers are one of the most effective therapies against
ventricular arrhythmias in patients with increased risk showing that Gs-signaling has a strong
proarrhythmic effect. The main mechanism for VT generation after B-adrenergic activation is DADs due
to calcium leak from the SR. The prerequisite for this is an increased leakiness of the RyR2. In the
hereditary disease CPVT, this leakiness can be caused by mutations in RyR2, which can cause increased
opening of the receptor, or Casq2, which leads to more free calcium in the SR. B-adrenergic stimulation
then further enhances this leak, e.g. by phosphorylation of RyR2. Another mechanism of acquired
calcium leak has been observed in heart failure, where cardiomyocytes show hyperphosphorylation of
RyR2 at baseline, which leads to increased diastolic calcium leak. Because both heart failure patients
and CPVT patients display increased sensitivity to -adrenergic VT generation by diastolic calcium leak,
insights gained from CPVT mouse models could also be transferred to the arrhythmia formation in

other heart diseases like heart failure.

B-blockers are one of the most effective treatments against VT to date. However, many patients are
unresponsive to currently available antiarrhythmic drug therapies, suffer from recurrent VT and have
to rely on an ICD. ICDs can prevent sudden cardiac death with a high success rate but they do not
prevent the onset of arrhythmias and thus still severely impact the patients’ quality of life. Adverse
effects of ICDs include severe pain, especially by inappropriate shocks, which can additionally cause a
psychological burden®®>. Moreover, damage of cardiac tissue by electroshocks and risk of infection lead

to increased mortality #6187,

Thus, it is necessary to investigate further the cause of the arrhythmogenic potential in the Gs-signaling
cascade and identify vulnerable areas in the heart to develop drugs to target the origin and
mechanisms of Gs-induced arrhythmias more directly. This can lead to more effective treatments with
fewer side effects to reduce cardiac death and improve quality of life in CPVT patients as well as other

heart disease patients with increased risk for ventricular arrhythmias.
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4.2 Optogenetics as a tool to study ventricular arrhythmias

Optogenetics has been used to study heart function and arrhythmia for several years. Bruegmann et
al., for example, demonstrated the potential of depolarization with ChR2 to be used as a tool for
defibrillation of VT**°, while Funken et al. also terminated VT using hyperpolarization by the light-gated
proton pump ArchT®, Most studies have focused on tools directly influencing membrane potential
using light-activated ion channels. In this thesis, a light-inducible GPCR was used for the first time to
investigate the influence of Gs-signaling on VT in the whole heart. Previously, a transgenic mouse line
expressing JellyOp, a blue light-activated Gs-coupled GPCR, was established and characterized by
Makowka et al.2®°, JellyOp signaling activated by light in embryonic as well as adult cardiomyocytes has
similar effects on pacemaking activity and contractility as pharmacological activation of the
endogenous B-adrenergic signaling cascade by iso. In this thesis and as part of the previously
mentioned publication®, JellyOp response was further characterized in Langendorff-perfused hearts.
JellyOp effectively elevated heart rate upon SA node stimulation with much faster activation and
deactivation kinetics than Iso perfusion (Fig. 11A-E). The measured activation times and deactivation
times of the heart rate response much more directly correlate with the activation and deactivation of
the Gs-signaling cascade and can give temporal insights into cAMP production and hydrolyzation, while
this is not possible with agonist perfusion and wash-out. The heart rate response during illumination
(Fig. 11A) shows an initial peak, after which the heart rate decreases slightly to a stable plateau during
prolonged illumination. This corresponds well with previously observed cAMP concentration
responses during B-adrenergic stimulation in rabbit and mouse cardiomyocytes, which also display a
slightly decreased plateau after the initial peak with similar kinetics!®'%°, The fact that no wash-out is
necessary also permits repeatedly activating Gs-signaling in a short period, which is made possible by
the fact that JellyOp activation does not show a “bleaching” effect upon repeated activation’®. This
allows direct comparison of different activation areas, intensities and durations. Important for the
combination with voltage mapping, the activation spectrum of JellyOp was defined by measuring the
heart rate increase at different wavelengths. Activation up to 600 nm was detected without effects at
650 nm (Fig. 11F). This makes JellyOp compatible with far-red imaging, which was used for optical

voltage mapping of VT in the JellyOp hearts.

4.3 Establishing a model for local light-activated Gs-signaling in Langendorff-
perfused hearts
To show that distinct areas of the Langendorff-perfused heart could be selectively activated by light,

three areas (atria, AV septal area and ventricles) were separately illuminated. Each illumination area
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led to distinct responses upon illumination in the ECG: heart rate increase and supraventricular
arrhythmias upon atrial illumination, junctional rhythm upon illumination of the AV node and only a

small effect on heart rate upon illumination of the ventricle (Fig. 12).

Arrhythmias in the form of junctional arrhythmias were observed under baseline heart rate in the
Langendorff-perfused hearts upon Iso injection as well as illumination specifically of the AV septal
region, where the AV node is located. These arrhythmias have also been described to precede VT in
Casg2 -/- mice®® and could indicate a hypersensitive AV node and/or conduction system to Gs-

stimulation.

The main aim of the thesis, however, was to study the influence of adrenergic G.-signaling on PVC and
VT. Therefore, the JellyOp mouse line was crossed with a mouse model for CPVT due to a knockout of
Casq2 (Casq2 -/-)Y"*178 Casq2 deficiency promotes diastolic calcium leak from the SR, commonly
described as one of the central mechanisms for the induction of VT in CPVT®Z, In previous publications
on the Casg2 -/- mouse, PVCs were induced in anesthetized mice upon Iso injection under a heart rate,
which was only slightly reduced due to the anesthesia. However, in the Langendorff-perfused hearts
used in this thesis, ventricular PVCs did not occur at normal heart rate but only after heart rate
reduction by Cch perfusion or atria removal (Fig. 13,14). The lack of VT at baseline frequency (approx.
300-350 bpm) in the Langendorff-perfused heart might be explained by the lack of innervation due to
excision of the heart, which abolishes normal sympathetic and parasympathetic tonus, thus potentially
making it more difficult to induce PVCs by Iso than in anesthetized mice with intact autonomic
innervation. Moreover, PVCs and VTs only occurred when hearts were perfused with bicarbonate-
buffered KH buffer but not with HEPES buffer. This might indicate that pH fluctuations could play a role

in the contribution to PVC generation.

After pharmacological reduction of the heart rate (to approx. 100-150 bpm), stimulation of JellyOp was
capable of inducing VTs in the JellyOp x Casq2 -/- mice in a similar fashion as Iso perfusion and
morphologically similar to what was previously reported by Knollmann et al. in anesthetized Casqg2 -/-

mice!”® (Fig. 16).

4.4 Slow heart rate promotes VT generation

Stimulation of M2 muscarinic acetylcholine receptors in the SA node with Cch was used to decrease
heart rate, which led to an increase of VT occurrence after Gs-stimulation with Iso or light. However, it
cannot be excluded that Cch perfusion had additional effects on the ventricle besides the observed

heart rate reduction in the SA node. The general understanding is that the parasympathetic nervous
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system mainly affects the SA node and the AV node in the atria by the release of acetylcholine, which
activates M2 receptors. However, cholinergic nerves can be found in lower density also in the
ventricles and ventricular cardiomyocytes were found to express M2 receptors®®*®l, Thus, an
additional effect of Cch perfusion on the ventricles, which could modulate VT inducibility, cannot be
excluded. Abolishing the sinus rhythm by surgical removal of the atria allowed a more direct
assessment of the influence of heart rate on PVC and VT generation because the ventricles could then
be paced electrically at low frequencies without additional pharmacological manipulations. At 200
bpm, PVCs occurred reliably upon illumination of the endocardium in the Casq2 -/- JellyOp pos. hearts.
Notably, an increase of pacing frequency to 400 bpm completely abolished these PVCs (Fig. 18). This
could be explained by the mechanism of PVC induction through slow calcium leak via RyR2 and
accumulation in the cytosol until a threshold for the generation of an action potential is reached. If the
intrinsic or the paced beating frequency is higher, and thus the diastolic interval is shorter, there is not
enough time for calcium leak to accumulate in the cytosol. When the diastolic interval is longer, enough
calcium accumulates in the cytosol and is subsequently electrogenically exchanged for sodium by NCX
to depolarize the cell to its threshold potential for spontaneous action potential initiation. The PVC
burst period after illumination of the endocardium also supports this mechanism: The time from one
PVC to the next was on average 173.5 * 6.0 ms (Fig. 21C), thus the pacing interval at high pacing

frequency (150ms pacing interval at 400 bpm) is shorter and overrides PVC generation.

Low beating frequency might also play an important role in human Gs-induced VT generation, as CPVT

patients often present with resting bradycardia*®

, with a resting heart rate of 60 bpm in children with
diagnosed CPVT (approx. 30-40 bpm lower than normal resting heart rate in children)!*2. Moreover,
CPVT patients also displayed an impaired chronotropic response upon B-adrenergic stimulation%1%3,
An impaired chronotropic response was defined by the heart rate reserve, the difference between the
peak heart rate and the resting heart rate, relative to the age-predicted relative heart rate. CPVT
patients with such chronotropic incompetence, with a heart rate reserve <80%, also displayed higher
ventricular arrhythmia scores and more syncope events during exercise-stress testing. Asymptomatic
CPVT patients had a heart rate reserve of 93.2%, while CPVT patients displaying syncope or sudden
cardiac arrest during exercise-stress testing had heart rate reserves of 85.9% and 64.7%,
respectively'®. Chronotropic incompetence was also reproduced in a RyR2 mutant mouse model. SA
nodal cells were found to have reduced SR calcium content in the presence of Iso and reduced LTCC
current density’®. In CPVT models these SA node dysfunctions are hypothesized to be caused by
alterations in the so-called Ca?*-clock mechanism, wherein calcium release from the SR contributes to
(especially late-phase) diastolic depolarization. However, the exact mechanism is yet unknown%+1%,

Also, it is unclear whether SA node dysfunction is only a byproduct of a stronger CPVT phenotype or

directly contributes to a more severe ventricular arrhythmia score. The results of this thesis showing
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that slow heart rate could be an important risk factor for calcium leak-induced arrhythmias is in
accordance with previous work in CPVT mice by Faggioni et al.?®’. This study performed in Casq2 -/-
mice and mice with RyR2 mutation (RyR2%**°¢%*) reported that an increase in sinus rate by blocking of
the parasympathetic system with atropine injection or atrial tachypacing before Iso injection
significantly reduced the occurrence of VT in vivo. This was also transferred to patients in a small study
with six CPVT patients!®®. Ventricular ectopy was observed in all six patients in exercise-stress tests,
even though four of these patients had B-blocker (nadolol) medication. Pre-exercise intravenous
injection of atropine reduced and, in four patients, entirely prevented the generation of ectopic
ventricular activity. Atropine injection was accompanied by a baseline increase in sinus rate (52 bpm
to 98 bpm), but there was no significant difference in peak sinus rate during exercise. Therefore,
increasing the resting heart rate either pharmacologically or by atrial tachypacing could improve CPVT

patient treatment in addition to B-blockers.

Atropine is used for the acute treatment of bradycardia, but various side-effects of parasympathetic
inhibition make it incompatible with long-term use. Another drug tested in the treatment of SA node
dysfunction is the adenosine antagonist theophylline’®®. However, theophylline also has adverse
effects, including increased arrhythmogenicity?®. Rate-responsive atrial tachypacing could be the
treatment option with the most reliable effect and least side effects. According to the CPVT patient
study?®® 90-100 bpm resting heart rate could be an effective heart rate to prevent VTs but a patient-

specific threshold to the development of ectopic ventricular beats during exercise could also be tested.

4.5 Subendocardial cardiomyocytes are prone to the generation of PVCs

In patients with episodes of VT without structural heart disease, the endocardium has been often
found to be the source of VT trigger and often VT can be treated by endocardial ablation. Especially
the right or left ventricular outflow tract is implicated as a focal point of VT initiation in patients??,
Nevertheless, a direct comparison of local transmural Gs-effects on VT trigger susceptibility has yet to
be performed. The molecular differences in the different regions of the ventricular wall are yet to be
fully discovered. Optogenetics using JellyOp provides a unique advantage for the investigation of local

Gs-signaling effects by precise spatial and temporal light application in the Langendorff-perfused heart.

With this advantage, endocardial illumination of the RV and LV were compared. VT onset was
significantly faster in the LV, but no significant differences in the number of PVCs or VT duration have
been found (Fig. 17). To study the difference between endo- and epicardial Gs-signaling, the LV was
used because its thicker ventricular wall enables separate illumination of subendocardial and
subepicardial tissue while minimizing overlap by light penetration.
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To accurately compare endo- and epicardial illumination, light intensity emitted from the light catheter
was measured with an integrating sphere and epicardial illumination area via a macroscope was
matched according to the estimated left ventricular endocardial area (Fig. 15). While this was the best
available setup to compare the endocardium with the epicardium, the different illumination methods
harbor some limitations: the circular illumination on the epicardium only partially compares to the
illumination of the whole endocardial surface of the LV lumen. The source-sink relationship has to be
considered here as well. The circular epicardial illumination is surrounded by unstimulated tissue on
the borders of the illumination creating a sink, while the 360° illuminated endocardium constitutes a
fully stimulated surface. Moreover, the catheter could potentially be in contact with a particular part
of the endocardium, thus changing the illumination area or leading to inhomogeneous illumination

intensities. These considerations have to be kept in mind in the interpretation of the results.

At the previously tested slow pacing frequency of 200 bpm, only endocardial illumination of the Casq2
-/- JellyOp pos. hearts produced a significant amount of PVCs in all hearts. Epicardial illumination, even
with ten-fold higher light intensity, induced significantly fewer PVCs (Fig. 20). This indicates that the
endocardium is significantly more sensitive to the generation of Gs-induced PVCs than the epicardium.
Echocardiographic data estimate the LV wall thickness of mice to be 0.7 (diastole) to 1 (systole) mm?*°,
Experiments of our working group on the light transmission in heart tissue slices estimate a light
transmission of approx. 10% at 1 mm thickness. Therefore, the PVCs observed at 10x light intensity on
the epicardium might also originate from the endocardial cardiomyocytes due to activation by
penetrated light. The increased time to PVC burst start and shorter duration of these “epicardially”-
induced PVC bursts could be due to an overall lower activation of the endocardial cardiomyocytes by

penetrated light compared to direct endocardial illumination.

To confirm the origin of the PVCs upon endocardial illumination, the innermost endocardial
cardiomyocytes were ablated using an iodine-containing Lugol solution. Lugol solution has been
previously established to ablate the conduction system and Purkinje cells preferentially but has also
been reported to ablate subendocardial working myocardium®783 |mmunohistochemical staining
after Lugol solution confirmed that in these experiments, a consistent layer of subendocardial tissue
had been ablated (Fig. 22A). This subendocardial ablation significantly reduced PVC generation, and in
some hearts even completely abolished it, confirming the subendocardial origin of the PVCs generated

after Gs-activation (Fig. 22B-F).

Multiple factors could influence the higher PVC generation in the subendocardial cardiomyocytes. The
first possible cause to investigate was the expression levels of the light-sensitive receptor.

Immunohistochemical staining of a JellyOp pos. heart revealed slightly lower GFP expression levels in
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the subendocardium than in the mid-myocardium as well as the subepicardium, excluding higher

expression in the subendocardium as the cause for higher PVC sensitivity (Fig. 23).

Another aspect is the excitability of the cardiomyocytes, which describes how easily an action potential
is initiated. This depends on two main factors: the threshold membrane potential at which an action
potential is elicited and the input resistance of the cell, which, according to Ohm’s law, determines
how much a given current changes the membrane potential. In the case of SR calcium leak, the same
resulting NCX current could lead to a bigger depolarization in the endocardial cells if their input
resistance is higher. Alternatively, if their threshold potential would be lower, the same depolarization
could trigger an action potential in the endocardial but not the epicardial cardiomyocytes. To
investigate these potential differences in excitability of the subendocardial cardiomyocytes, the same
illumination methods for endo- and epicardial ilumination were used to determine pacing thresholds
in ChR2 pos. mice. Chr2 is a non-selective cation channel activated by blue light, thus, depolarizing the
cell upon light stimulation. Hereby, the ChR2 current is proportional to the applied light intensity®®8, If
the endocardial cardiomyocytes had increased excitability either by a reduced action potential
threshold or by an increased input resistance, this would translate to less ChR2 current needed for the
pacing of the endocardial cells. This directly correlates with a reduced light intensity needed for pacing.
The excitation threshold of the subendocardial cardiomyocytes was lower than that of the
subepicardial cardiomyocytes (36.9 + 8.0 pW/mm? and 71.1 + 19.2 uW/mm?, respectively; Fig. 24)
pointing to increased excitability. However, this approx. two-fold difference cannot adequately explain
the more than ten-fold higher arrhythmogenic sensitivity towards light in the endocardium as seen in

Fig. 20 and 25.

This two-fold difference also accounts for the possible limitations of using two different methods of
light application, such as placement of the catheter and different source-sink ratios between the
circular epicardial illumination and the 360° endocardial illumination, as well as the approximation of

the endocardial surface area.

Therefore, differences in light application, cell excitability and receptor expression have been
excluded, indicating that the higher PVC generation must be an intrinsic feature in the G-signhaling
response in subendocardial cardiomyocytes. The endocardium has been reported as an important
factor in arrhythmia generation by several studies'®182202_ |n these studies, VF was induced in dog
hearts by S1S2 stimulation. Lugol ablation of the endocardium increased the threshold of VF
induction??, and in another study, also caused the termination of long-duration VF®., Lin et al.
furthermore showed that the maintenance of long-duration VF relies on focal activation in the
endocardium, specifically in Purkinje fibers, and that endocardial ablation by Lugol solution abolished
these focal activations'®?,
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Purkinje fibers build an abundant network along the endocardial myocytes to facilitate the fast
conduction of the excitation from the His-bundle to the working myocardium. More evidence that
Purkinje fibers might be essential in VT generation was found in transgenic mice carrying a CPVT
mutation in the RyR2 (RyR2f*4%6%/*), Cerrone et al. used endocardial mapping in these mice to show
that focal activity in VT originated from the His-Purkinje system?’>. Kang et al. crossed this mouse line
with a Purkinje cell reporter mouse line (Contactin-2 (Cntn2)-EGFP) to investigate calcium handling in
isolated Purkinje cells compared to ventricular cardiomcyotes'’®. RyR2f*4%6¢/* pyrkinje cells displayed
more arrhythmic calcium release events than ventricular cardiomyocytes at rest and after Iso

stimulation.

However, some studies could not confirm the role of Purkinje cells in VT generation. Myles et al. used
local noradrenaline injection into the ventricular wall to induce PVCs. While they identified that
injection into the RV, which reached the endocardium, induced more PVCs than injection into the LV,
which only reached the mid-myocardium, they saw no difference in PVC occurrence after Lugol
ablation, excluding Purkinje cells as the source of the observed PVCs2®. Blackwell et al. generated a
mouse line with a selective Casq2 knockout only in Purkinje cells by Cre-recombinase under the Cntn2
promoter?®, Selective Casq2 knockout only in Purkinje cells did not induce a CPVT phenotype, but
Casq2 knockout only in ventricular cardiomyocytes, with conserved expression in the Purkinje cells,
displayed the same phenotype as complete Casq2 -/-. This indicates that aberrant calcium handling in
the Purkinje cells is not necessary to induce VT. However, they found that endocardial ablation, as well
as Casq2 expression in Purkinje cell-neighboring endocardial ventricular cardiomyocytes, protected
against VT. Therefore, the junction between Purkinje cells and endocardial cardiomyocytes might play

an important role in the generation of VT.

In conclusion, there is supporting evidence that the endocardium and the Purkinje system are
important for PVC triggering by diastolic calcium leak. Moreover, focal activity in the endocardium was
also shown to play a role in the maintenance of VF. The mechanisms underlying the increased focal
activity, especially regarding Gs-signaling, however, still need to be fully understood. This thesis
supports the importance of the endocardium and was able to characterize further the extent of the

difference of endocardial cardiomyocytes towards Gs-induced arrhythmia triggers.

4.6 PDE activity does not explain the subendocardial Gs-sensitivity

The G;-signaling response is tightly regulated in cardiomyocytes. As described in Chapter 1.2.4., PDEs
play an essential role in this regulation by degradation of the main second messenger, cAMP.
Expression and localization of the different PDE subtypes create cAMP microdomains, which regulate
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PKA activation and subsequent phosphorylation in the subcellular compartments of the
cardiomyocyte. Especially PDE4D!%, as well as PDE22% have previously been indicated to play a role in
the generation of VT. Lehnart et al. observed exercise-induced arrhythmias in PDE4D knockout mice!®,
They found an increased leakiness and a hyperphosphorylation of the RyR2 in these mice. They
furthermore analyzed heart tissue samples from heart failure patients and found reduced levels of
PDE4D3 directly associated with RyR2 compared to non-failing hearts and hyperphosphorylation of
RyR2 at 52808. Vettel et al. generated transgenic mice with heart-specific PDE2 expression and saw
reduced arrhythmic events and fewer calcium sparks in PDE2 transgenic mice, again indicating a
protective role of PDE activity?®. They did not see a difference in S2808 phosphorylation at the RyR2,
but a reduced 52814 phosphorylation, thought to be preferentially CaMKIl phosphorylated. They also

observed reduced PLN phosphorylation in the PDE2 transgenic mice.

In order to test whether PDE activity might influence the generation of PVCs in the endocardium and
epicardium, hearts were perfused with IBMX, an unspecific PDE inhibitor, thus abolishing the effect of
a different expression or localization of PDEs. Light dose-response curves of PVCs without IMBX and
during perfusion with 1 and 3 uM IMBX were acquired for endocardial and epicardial illumination to
quantify the effect of PDE inhibition. Without IBMX, the difference in the endocardium and epicardium
was further confirmed with a difference of approx. 25-fold in the light intensity at which the half-

maximal effect was reached (Eli50 (0 uM IBMX) endo: 0.2 mW/mm?, epi: 5 mW/mm?) (Fig. 25).

More PVCs occurred during IBMX perfusion even without illumination, indicating that under baseline
conditions, AC produces cAMP, but PDEs degrade cAMP at a similar rate, thus keeping cAMP
concentration low. When PDEs are inhibited, however, cAMP accumulates in the cell and can cause
PVCs. To analyze the effect by illumination, the PVC count at baseline was subtracted from the PVC
count after illumination. The Eli50 of this corrected dose-response curve shifted from 5 mW/mm?2 at 0
UM IBMX to 2 mW/mm? at 3 uM IBMX for the epicardial illumination. For the endocardial illumination,
a shift occurred from 0.2 mW/mm? at 0 uM IBMX to 0.12 mW/mm? at 3 uM IBMX. Consequently, the
ELi50 of the epicardial illumination remained 16-fold higher than the endocardial illumination with
IBMX. The increase in baseline PVC count and a slight shift in Eli50s indicate that PDEs play a role in
the inhibition of PVC generation but are not the deciding differential factor in the subendocardial

cardiomyocytes.

However, it has to be noted that IBMX does not inhibit PDE8 and thus PDE8 cannot entirely be excluded
as a possible factor, even though the role of PDE8 in VT generation is not well established yet. One
study was found, in which cardiomyocytes from PDE8 knockout mice display a stronger increase of
calcium transients after Iso stimulation and a higher calcium spark frequency than wildtype
cardiomyocytes!®, which may be indicative of diastolic calcium leak from the SR.
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4.7 Subendocardial cardiomyocytes have distinct phosphorylation levels of

calcium-handling proteins

Endocardial and epicardial cardiomyocytes differ significantly in their electrophysiological properties.
Endocardial cardiomyocytes have been described to have a longer APD. Thus, endocardial
cardiomyocytes are the first to depolarize but the last to repolarize, resulting in the ECG's positive T-
wave. Differences in the expression of voltage-gated potassium channels mainly explain the
differences in the action potential. In mice, especially los and lgsow densities are lower in the
endocardium than the epicardium?®. In canine hearts, lower expression of |, and Ik have been
reported in the endocardium compared to the epicardium?®2%, The lower I, current in the
endocardium than the epicardium has also been found in human cardiomyocytes?®. The stronger Iy
in epicardial cardiomyocytes leads to a more prominent phase 1 early depolarization in the epicardial
cardiomyocytes. Meanwhile, endocardial cardiomyocytes have a more positive overshoot in the initial

phase 0 depolarization?%211,

Although APD plays a role in EAD generation, it seems unlikely to be the cause of diastolic calcium leak-
induced DADs. There are some indications that the endocardium and the epicardium also differ in
calcium handling. In mice, endocardial cardiomyocytes have a slower calcium transient upstroke as

well as slower decay times than epicardial cardiomyocytes?!?

. Longer calcium transients in the
endocardium were also found in humans, with a reduction of the transmural difference in heart failure
patients?’3, This indicates that there could be differences in the expression or activity of calcium
handling proteins, such as Serca2a, PLN and RyR2 at the SR calcium handling side, or LTCC and NXC in
regard to calcium flux at the plasma membrane. However, few studies have been performed on the
transmural differences in the expression of calcium-handling proteins, which could explain the
different calcium responses. Investigations by Xiong et al. have seen mRNA and protein expression
differences in NCX in canine hearts, with NCX being less expressed in the endocardium?4. Laurita et al.
also in canine hearts, however, saw no difference in NCX expression?®®. But lower expression of
SERCA2a in the endocardium compared to the epicardium was found. This expression difference in
SERCA2a was also observed in two studies on human failing hearts and non-failing control hearts. The
difference in SERCA2a expression was more pronounced in heart failure than in control hearts due to
decreased expression in the endocardium?!321¢, Prestle et al. furthermore saw a slightly, but not

significantly, lower expression of PLN in the endocardium, which was also reduced in heart failure!.

Moreover, the phosphorylation status of calcium-handling proteins changes in heart failure. While

RyR2 is hyperphosphorylated, PLN has been found to be less phosphorylated?’218,
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Hyperphosphorylation of RyR2 in heart failure leads to a dissociation of FKBP12.6, which increases the

open probability of RyR2 and increases RyR2 sensitivity to cytosolic calcium?!9220,

While cytosolic calcium is an important regulator of the RyR2, the open probability of RyR2 is also
increased by an increase in SR calcium. RyR2 phosphorylation at S2808 increases RyR2 luminal calcium
sensitivity, which can trigger diastolic calcium leak’.The SR calcium content is regulated by Serca2a
activity and higher Serca2a activity leads to higher SR calcium content. This leads to increased calcium
release and transients during diastole and, thus, stronger contraction. Serca2a overexpression has
been studied as a potential therapy to increase pump function in heart failure. Most notably, the
“Calcium Upregulation by Percutaneous Administration of Gene Therapy in Cardiac Disease” (CUPID)
phase 2 clinical study investigated the outcome of adeno-associated viral gene transfer of Serca2a in
late-stage heart failure patients. While the first study had promising results on heart function and

221 3 more extensive follow-up study (CUPID2) could not confirm this and saw no significant

mortality
improvement after Serca2a gene transfer compared to the placebo group??2. The possible negative
effect of increased SR calcium content could be an accompanied increase in diastolic calcium leak, a
mechanism referred to as store-overload induced calcium release (SOICR). SOICR can be especially
prominent when paired with increased RyR2 sensitivity due to mutations or hyperphosphorylation.

Nevertheless, neither study (CUPID and CUPID2) noted any increase in cardiac events in the

AAV1/Serca2a group.

The role of Serca2a in the generation of VT was further studied in rodent models. Chen et al. saw
increased mortality from VT in transgenic rats with Serca2a overexpression after myocardial
infarction??3. Myles et al., moreover, saw a reduction in noradrenaline-induced PVCs by Serca2a
inhibition2%. In contrast, Del Monte et al. showed fewer VT episodes in rats after ischemia/reperfusion
when Serca2a was overexpressed by adenoviral gene transfer??*. Thus, the role of Serca2a activity in

the generation of arrhythmias is still controversially discussed.

To analyze if a differential expression of Serca2a or other calcium-handling proteins in the
endocardium could explain the endocardial Gs-sensitivity in Casg2 -/- mice, a method to extract
endocardial tissue from the LV free wall of mouse hearts has been established in this thesis. Western
blot analysis, however, could not reveal significant differences in Serca2a, PLN or RyR2 expression in
endocardial versus myocardial tissue (Fig. 26). Therefore, the most important SR calcium-handling
proteins were excluded from differential expression. The experiments with IMBX perfusion also
indicated that differential PDE or cAMP levels do not play a deciding role. Thus, the next target was
the downstream signaling of cAMP by investigating PKA phosphorylation levels. As described above,
the phosphorylation status of these SR calcium-handling proteins is an important regulator of calcium
release and could explain the difference in response to Gs-stimulation. For this, a global PKA
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phosphorylation antibody (RRXS*/T*), which detects all phosphorylated sites at the PKA recognition
sequences RRXS or RRXT, was used. Western blots revealed 5 distinct bands of highly phosphorylated
proteins (Fig. 27). Band 2 at 120 kDa might be of interest as it showed lower basal phosphorylation but
higher iso-stimulated phosphorylation in the endocardium in three mice. The protein responsible for
this band is not identified yet. Particularly band 5 at approx. 10 kDa had lower phosphorylation levels
in the subendocardial samples at baseline and under Iso stimulation but also had an increased
endo/myo phosphorylation ratio upon Iso stimulation (Fig. 28), indicating a stronger response to B-
adrenergic activation in the subendocardium. The molecular weight of band 5 fit with the molecular
weight of PLN. Western blot of Serl6 phosphorylated PLN confirmed that PLN is significantly lower
phosphorylated in subendocardial tissue than in myocardial tissue basally and had a higher increase of

phosphorylation in the subendocardial tissue upon Iso stimulation (Fig. 29).

Several factors could influence the baseline phosphorylation level as well as the phosphorylation
increase of PLN. Firstly, PLN is known to be mainly dephosphorylated by the phosphatase PP117:225,
Thus, higher expression or activity of PP1 in the endocardium could explain lower baseline
phosphorylation levels of PLN. PP1 is inhibited by PKA-phosphorylation of inhibitor-12%® and heat shock
protein 20 (Hsp20)2¥” upon B-AR stimulation. A stronger inhibition of PP1 by inhibitor-1 or Hsp20 upon
PKA stimulation could thus explain the stronger phosphorylation increase (higher endo/myo ratio)
during Iso stimulation in the endocardium compared to the mid-myocardium. Another factor that
could influence the phosphorylation of PLN is its compartmentalization. PLN builds a macromolecular
complex with Serca2a, PKA and AKAP188%%8, Differences in AKAP185 expression or localization could

influence the recruitment of PKA to PLN and PKA-dependent phosphorylation of PLN.

The increased phosphorylation of PLN upon Iso stimulation could indicate a stronger increase of
Serca2a activity due to the reduced PLN-dependent Serca2a inhibition. This increased Serca2a activity
could lead to a higher increase in SR calcium up to a point of SOICR, which then causes the increased

PVC inducibility in the endocardial cardiomyocytes (see also discussion above).

4.8 Proarrhythmic potential of APD modulation by Gs-activation

PVCs and triggered VTs were induced by local Gs-stimulation of the endocardium in JellyOp-expressing
mice. However, CPVT patients suffer from polymorphic and bidirectional reentry VT, which can cause
sudden cardiac death, especially when it devolves into VF. The substrate of a reentry VT is critical for
the duration and complexity of the VT. To investigate the role of Gs-signaling on the inducibility by a
VT trigger and the duration of reentry VTs in Casq2 -/- JellyOp pos. mice, S1S2 electrical stimulation
was applied. When choosing S2 pulse interval close to the baseline S2 capture threshold, illumination
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led to non-capture of the S2 pulse within the first approx. 45 s of illumination, followed by recapture
even during prolonged illumination (Fig. 30). This indicates that G;-signaling leads to a transient
prolongation of the effective refractory period. This was also confirmed in sharp electrode
measurements, which showed an increase in APD60 (Fig. 31). The effect of the G.-signaling cascade on
APD can be due to multiple effector proteins, with Ica. and Iks as the most prominent ones. Increased
Ica. by PKA phosphorylation can prolong APD, while an increase in Ixs current by PKA phosphorylation
would decrease APD by enhancing repolarization??®23°. Whether one or the other effect is stronger
might depend on activation rate, frequency as well as on the species. In mice lxs does not play a
prominent role in repolarization, which explains the observed APD prolongation upon Gs-stimulation.
But even in species with more prominent Ixs, APD prolongation by Gs-signaling might be an important
VT modulator. A mathematical model of rabbit ventricular cardiomyocytes by Xie et al.}””??° revealed
that a fast and strong Gs-activation especially leads to an initial imbalance between Ic,. activation and
ls activation. Specifically, lca. activation reaches its maximum faster than Igs, which transiently prolongs
the APD, until maximal Ixs activation counteracts the prolongation. This publication further showed
that the Gs-induced APD prolongation, when it occurs during reentry VT, can lead to wave break and

transition from monomorphic VT to VF.

In the physiological Gs-response the increase in beating frequency due to sinus node stimulation is
faster than phosphorylation as it is directly affected by the effect of cAMP on HCN4 channels. Increased
beating frequency leads to a rate-dependent reduction in APD?!. Thus, an increase in beating
frequency can potentially mask the effect of lca / Ixs imbalance. However, CPVT patients often present

19219 An impaired

with bradycardia and an impaired chronotropic response to Gs-stimulation
chronotropic response of the heart rate results in a lower increase in heart rate during B-AR
stimulation. A smaller heart rate response would also lead to less chronotropic APD shortening.
Therefore, the transient APD increase by lca. phosphorylation might potentially play a more important
role in APD regulation in CPVT patients with impaired chronotropic response. It could in combination

with the increased PVC occurrence after Gs-activation increase the probability of R-on-T PVCs, which

can trigger fatal VTs.

4.9 Gs-signaling increases VT incidence upon premature trigger through
inhomogeneous conduction
Due to the transient prolongation of the APD after Gs-stimulation, S2 intervals had to be increased to

ensure S2 capture throughout the experiment, which is a prerequisite to analyze the VT inducibility.

Therefore, S1S2 electrical stimulation protocols with S2 pulses 5 ms above the refractory threshold
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were performed. lllumination of Casq2 -/- JellyOp pos. hearts led to a significantly increased VT
incidence compared to Casq2 +/+ JellyOp pos. and Casg2 -/- JellyOp neg. mice and affected VT
maintenance with increased incidence of VT with longer duration (= 300 ms). As discussed in Chapter
1.1.5, a functional reentry depends on the electrophysiological properties of the tissue favoring the
generation and propagation of a spiral wave. A short wavelength, which is the result of a short action
potential and a slow conduction velocity, is an important factor in the propagation of a spiral wave®.
Moreover, heterogenous APD and conduction velocity throughout the tissue increase the likelihood

for the generation of a spiral wave.

To investigate the underlying mechanism of the VT induction, voltage mapping of a $S1S2-induced
reentry VT in a JellyOp pos. mouse before and after illumination was performed. The S2 pulse showed
a clear decrease in conduction velocity compared to S1 under baseline conditions. This can be
explained by reduced sodium channel availability with lower Iy, upon S2 stimulation due to incomplete
repolarization. After illumination the conduction velocity changes. While Gs-activation seems to
increase conduction velocity in S1, the conduction of the S2 pulse appears to be modulated very
heterogeneously. One area specifically in the RV of the imaged heart had a strong increase of
conduction velocity, while the immediately neighboring, more remote area developed a conduction
block. This could be a functional conduction block caused by the preceding fast conduction wave,
which then encounters refractory tissue, which has not recovered enough to be excited by the
incoming wave. Since other areas conduct at a slower velocity, the wave still propagates and can rotate

around the functional conduction block, thereby creating a substrate for a reentry VT.

Zykov et al. showed in a mathematical model that regions with relatively fast propagation in tissue
with slower conduction in other parts can induce a spiral wave?®2, This is due to a steep mismatch in
cell-coupling, which generates a unidirectional conduction block. The fast-conducting region has a high
coupling between cells allowing the fast conduction. This, however, also means that, in the unexcited
state, this tissue represents a strong electrical sink. If the excitation wave arrives from a region with
much slower conduction and thus less cell-coupling, the sink of the well-coupled tissue can be too high
for the arriving source of the wave front to reach the threshold for excitation, which stops the
transmission of the excitation. Suppose the tissue is heterogenous in coupling with some regions
displaying a gradient of coupling that can overcome the source-sink mismatch and other regions with
very high source-sink mismatch. In that case, this can result in asymmetrical conduction and lead to

the generation of a rotor.

Multiple factors determine the conduction velocity of the tissue. As mentioned upstroke velocity of
the action potential created by Iy, is one major determinant. The other factor is intercellular coupling
via gap junctions, mostly located at the intercalated disks.
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Ina is affected by Gs-signaling as Nay1.5 can be phosphorylated by PKA, which increases sodium current

and action potential upstroke velocity?3, Cx43 and Cx40 can also be phosphorylated by PKA, although

234 235

Cx43 appears to be a poor substrate=>*. While Cx40 phosphorylation enhances channel conductance+*,
the effect on Cx43 is less clear. Studies report a more indirect mechanism of PKA-mediated increase of
cell conduction by enhanced channel trafficking to the membrane and channel assembly?*>2¥’. The
stronger effect of the conduction velocity by Gs-activation on the S2 pulse compared to the S1 pulse
further indicates a more prominent role of Gs-activation on the Iy, than gap junctions, as Iy, is more

influenced by the repolarization state of the cells than gap junction conductance.

In conclusion, a heterogeneity of conduction velocity upon illumination was observed (Fig. 33), which
led to a reentry VT. To explain the underlying mechanisms further studies on the influence of Gs-effects
on Ina compared to gap junctions and on the conduction velocity in the different areas of the heart
have to be performed. A difference in expression levels of Na,1.5 and Cx43 in different regions of the
heart or a heterogenous response to Gs-stimulation could lead to well-coupled regions with fast
conduction neighboring regions with lower coupling. This would provide a substrate for the generation

and propagation of reentry VTs.

4.10 Gs-signaling exacerbates reentry VT complexity

Further influence of Gs-signaling on the complexity of the VT could not be determined in the set of
experiments discussed above because the VTs overall were too short, with the majority being shorter
than 300 ms. Therefore, hearts were perfused with pinacidil in the subsequent experiments to activate
Kate channels. This reduces APD and the wavelength of the VT to be able to generate long-running,
stable monomorphic VT even in small mouse hearts!®. Illumination of the anterior ventricular walls
during a VT decreased VT frequency significantly (Fig. 34A,B). The shift in VT frequency from an average
19.8 Hz to 18.1 Hz corresponds to a shift in cycle length from 50.5 ms to 55.2 ms. This increase in cycle
length thus correlates with the previously observed increase in APD upon illumination of approx. 5 ms.
The decrease in frequency of the VT can destabilize the rotor due to an increase of the wavelength.
This could promote wave break, when the head of the wave encroaches on the tail, and lead to

destabilization of the rotor.

Accordingly, in three experiments, the morphology of the VT shifted from a monomorphic to a
polymorphic VT after an initial frequency reduction. In these cases, voltage mapping revealed the
transition from a stable, stationary rotor to an unstable, meandering rotor (Fig. 34C-E). Moreover, in
one case the dominant frequency doubled specifically in the RV. In combination with the previously
discussed prolongation of APD upon illumination measured by sharp electrode, this depicts an
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experimental affirmation of the mathematical model by Xie et al., which predicted a transition to VF

after Gs-induced APD prolongation'”’.

To further investigate the differential response in the RV and LV, local ECG recordings were generated
during ventricle-specific illumination. ECG recordings were used in favor of voltage mapping because
voltage mapping is limited to show only the effect in the first epicardial layers and only the anterior
wall. ECG recordings can give an overall impression of the complexity throughout the whole ventricular
wall. Local illumination of the anterior walls of the RV and the LV with simultaneous local ECG
recordings revealed distinct shifts of the morphology of the ECG signals in the illuminated areas, with
the RV exhibiting higher complexity in the ECG morphology (Fig. 35). FFT amplitude of the ECG signals
consisted of a stable single frequency with its harmonics before illumination. After illumination,
multiple other frequencies emerged (Fig. 36). While the single, stable frequency indicates a stable rotor
within the ventricles driving the VT, multiple frequencies indicate the emergence of multiple rotors
typical for polymorphic VT and VF. Unstable, high-frequency rotors especially characterize VF.
Therefore, an analysis of the variability of the high-frequency component of the FFT was performed
(Fig. 37). This revealed that RV-specific illumination significantly increased the variability of the high-
frequency component in both ventricles. LV-specific illumination did not significantly alter the

variability.

Differences in electrophysiological properties between the LV and the RV have been reported across
species. The APD of the RV is shorter than the LV, which can be explained by larger repolarizing
potassium currents. Increased currents in the RV have been reported for Iy, (in mouse and dog) and Iks
(in human and dog)®%%°, Moreover, higher expression of lxare has been reported in rabbit?*,
Regarding the lkate expression, the effect of pinacidil used in this thesis (Fig. 34-37), thus, might have

been stronger in the RV due to higher expression of Ixatp.

Interestingly, Molina et al. showed that cardiomyocytes isolated from dog RV had a stronger response
to B-AR stimulation by Iso than LV cardiomyocytes, which was measured by increased sarcomere
shortening and calcium transient increase?*!, This further correlated with a higher increase of cytosolic
cAMP concentration. Inhibition of PDE3 and PDE4 showed that the LV response was more sensitive to
PDE3 inhibition, while the RV response was more regulated by PDE4 inhibition, indicating an

interventricular difference in PDE activity.

The shorter APD in the RV than the LV could lead to a higher propensity of the RV towards higher
frequency rotors due to a shorter wavelength. A stronger response to B-AR stimulation in the RV than
the LV could further enhance the likelihood of high-frequency rotors, e.g., by further reduction of the

wavelength by an increase of conduction velocity, especially at high frequencies as observed in the S2
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pulse after illumination (Fig. 33). In Fig. 33 it was also shown that the increase in conduction velocity
of the S2 pulse in the RV can lead to conduction block, which in a stable-running VT could induce wave

break, which transitions a monomorphic to a polymorphic VT.

Another possible reason for the higher tendency towards increased complexity and doubling of the
dominant frequency in the RV could be the much thinner ventricular wall of the RV compared to the
LV, leading to a more transmural Gs-activation of the RV when both ventricles are illuminated with the
same light intensity. Gs-activation in the LV only penetrates into the first epicardial layers of the
ventricular wall and thus the LV could be more resistant to epicardial illumination-induced increase in
VT complexity. This might also indicate that the endocardium might not only play a role in the
triggering of the VT but also its stability. This thesis showed that the endocardium is prone to the
generation of ectopic beats. These extrabeats may also occur during a VT, which could destabilize the
rotor, leading to wave breaks due to the local stimulations interfering with the rotor propagation.
Cerrone et al. found that focal activity during VT originated in the endocardium in CPVT mice!”. Lin et
al. also observed focal activity in the endocardium during ventricular fibrillation in dogs and that
abolishing this focal activity by ablation of the endocardium shortens the duration of VF'®2, A similar
mechanism could lead to the switch in complexity during RV illumination by focal endocardial activity
disturbing the stability of the rotor and leading to a switch to higher frequency rotors or wavelets with

multiple focal points.

4.11 Study limitations

The mouse as a model organism for ventricular arrhythmias has some important limitations. One factor
is the size difference between human and mouse hearts. The small size of the mouse heart normally
prevents long-running reentry VT, as observed in humans and other larger mammals. This can also be
seen as an advantage in certain experimental settings, because the short-running, self-terminating VTs
in the mouse heart make it possible to repeatedly observe the initiation of the VT, as was done in this
study by S1S2 stimulation. Moreover, shortening of the APD by the Karp channel activator pinacidil

shortens the wavelength so that stable-running VT can also be investigated in mouse hearts.

In addition, there are also key differences in ion channel expression, such as repolarizing potassium
channels, as well as calcium handling between species. The high dependence of the mouse
cardiomyocyte on SR calcium release in the generation of the calcium transient following an action
potential, however, makes it a good model for studying SR calcium leak-induced arrhythmias.

Moreover, the mouse has been the model organism of choice for the majority of studies on a number
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of hereditary ventricular arrhythmias, due to the wide availability of transgenic mouse models, the

handling and the relative similarity to the human heart.

The second limitation of the study is the use of an exogenous receptor for the activation of Gs-signaling.
Even though the optogenetic activation of JellyOp grants many advantages over traditional
pharmacological approaches, it still has to be considered that localization, expression levels and
downstream signaling of JellyOp might differ from that of endogenous B-ARs. To mitigate these
concerns, JellyOp activation has been compared to the activation of B-ARs by iso, in which similar
responses were found. Moreover, immunostaining of JellyOp heart slices revealed expression on the
cytoplasmic membrane as well as the t-tubule system!®, which indicates similar distribution of the
receptor to B1-ARs. Even still, differences in downstream signaling and receptor activation as well as

B-arrestin recruitment and desensitization compared to endogenous B-AR cannot be excluded entirely.

JellyOp activation by light also removes the influence of sympathetic innervation density on the
response of different heart regions on sympathetic activation. This can be seen as a limitation of the
model, however, it could also serve as a chance to be able to simulate innervation changes and
heterogeneities observed in heart disease by choosing specific patterns of heterogenous illumination

intensities.

4.12 Future perspectives

This thesis strongly implicates the innermost subendocardial cardiomyocytes as the source of G.-
induced VTs. Furthermore, protein analysis uncovered a possible mechanism for the increased VT
sensitivity in the endocardium by investigating the PKA-mediated phosphorylation status and depicting
that endocardial tissue has distinct phosphorylation characteristics compared to mid-myocardial tissue
under basal as well as B-AR stimulated conditions. PLN has subsequently been uncovered as a
differentially phosphorylated protein, with lower basal phosphorylation in the subendocardium, but
higher relative phosphorylation increase upon B-AR stimulation. A number of other proteins were
differentially phosphorylated in western blots using an antibody against the phosphorylated PKA
recognition site RRXS*/T*. To identify these proteins and potential other targets, the endocardial
tissue collection protocol established in this thesis can be used to perform further analyses on the
proteome as well as the phosphoproteome to reveal the identity of the differentially PKA
phosphorylated proteins, but also to potentially unveil further phosphorylation differences, e.g. of
CamKll phosphorylated proteins. Moreover, it was out of the scope of this thesis to further research

the cause of differential phosphorylation. Potentially interesting targets for future studies could be
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phosphatases. Especially PP1 and its regulators, such as inhibitor-1, are known to dephosphorylate PLN

and thus could be interesting targets to study in the future.

In regard to the high sensitivity to Gs-induced arrhythmias of the endocardium, it would be desirable
to investigate further the role of the conduction system and, in particular, the Purkinje cells, as they
have been implicated to have increased arrhythmogenic potential previously’’®. To investigate
whether it is sufficient to activate Gs-signaling in Purkinje cells or whether the surrounding working
myocardium is necessary for the generation of the VT trigger, a mouse line with conduction system-

242

specific JellyOp expression under the Cx40 promotor*** should be established next.

Regarding the modulation of VT complexity, further investigation of the mechanism behind the
heterogenous modulation of the conduction velocity could be of future interest. Here, Nav1.5 and
Cx43 are interesting targets. It would furthermore be insightful to perform these experiments under
pathological conditions, such as in a heart failure model or after myocardial infarction to see whether
the heterogenous conduction velocity is exacerbated in these conditions. Thereby, the difference
between light-induced Gs-receptor activation and direct activation of the endogenous sympathetic

innervation can be additionally compared.
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5 Summary

Ventricular arrhythmias are one of the major causes of death worldwide, occurring especially in
structurally remodeled hearts, but also in hereditary conditions, such as CPVT, in which mutations in
RyR2 or Casqg2 cause diastolic calcium leak. In this thesis optogenetic activation of the Gs-signaling
pathway was used to investigate regionally specific effects of B-adrenergic stimulation on ventricular
arrhythmias, which could in the future lead to the development of more selective drug treatments

with increased efficacy and reduced adverse effects.

In mice expressing the blue light sensitive GPCR JellyOp and carrying a Casq2 knockout (Casg2 -/-
JellyOp pos.) the influence of the regional sensitivity towards diastolic calcium leak induced VT trigger
by Gs-signaling was investigated. The local stimulation of the endocardium and the epicardium with
matching light intensities and area of illumination uncovered a more than ten-fold higher propensity
for Gs-induced PVCs in the endocardium than the epicardium. High intrinsic sinus rhythm as well as
fast ventricular pacing protected against Gs-induced PVCs. Pacing threshold in ChR2 expressing mice
as well as quantitative analysis of JellyOp expression excluded differences in light application, receptor
expression as well as excitability of the cardiomyocytes and thereby confirmed an inherent difference
in the Gs-signaling response of the endocardium. PDE inhibition by IBMX did not abolish the endo- to
epicardial difference, thus suggesting a regulatory mechanism downstream of cAMP. Western blot
analysis of calcium handling proteins as well as PKA phosphorylation revealed a significant difference
in phosphorylation levels of PKA phosphorylated proteins, and in particular PLN phosphorylation, with
a higher relative increase in phosphorylation in the endocardium than the mid-myocardium upon

adrenergic stimulation.

Inducibility of reentry VTs was characterized using S1S2 electrical stimulation to generate a premature
trigger during the vulnerable repolarization phase of the ventricle. Casq2 -/- JellyOp pos. hearts had
significantly higher VT incidence after optogenetic Gs-stimulation. Voltage mapping of a S1S2 triggered
excitation revealed increased conduction velocity heterogeneity and local, functional conduction block
after illumination. In long-running monomorphic VTs, illumination significantly decreased VT
frequency and in some cases led to the transition to a polymorphic VT with higher complexity of the

ECG signal and destabilization of the rotor core observed in voltage mapping.

In conclusion, optogenetic Gs-activation enabled regional discrimination of B-adrenergic effects on
ventricular arrhythmias, revealing that Gs-activation promotes VT trigger by generation of PVCs in the
endocardium. Furthermore, optogenetic Gs-activation enhanced inducibility and maintenance of
reentry VT and increased the risk of transition to higher frequency and complexity as observed in the
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transition to highly lethal VF in patients. In the future, identification of the new endocardial mechanism

will help to develop concepts to prevent PVCs triggering VT.
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