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Voor papa en mama

Above all else, guard your heart,
for everything you do flows from it
(Proverbs 4:23)
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CHAPTER 1

The heart is central to life. In an adult person the heart beats approximately 100.000 times a
day and pumps about 7.500 liters of blood through the circulation every 24 hours, allowing the
delivery of oxygen and nutrients to tissues and the disposal of waste products from the body.* The
beating of the heart is a highly coordinated and rhythmic event. Every consecutive heartbeat is
initiated at the top of the right atrium in the sinoatrial node (SA node). Pacemaker cells in the SA
node spontaneously depolarize and generate electrical pulses, which are propagated to adjacent
cardiomyocytes. These pulses first travel along the atria towards the atrioventricular node (AV
node), resulting in atrial activation and subsequently contraction. After a small delay in the AV
node, electrical pulses travel further along the ventricles via the bundles of His and the purkinje
fibers, causing the ventricles to contract from apex to base and blood to be expelled into the
circulation (Figure 1).2

It is not difficult to imagine that perturbations in cardiac electrical conduction can result
in arrhythmias; heart rhythms that are too fast (tachycardia), too slow (bradycardia) and/or
irregular.t Arrhythmias can be life threatening and may cause a complete arrest of the heartbeat,
which results in death within minutes if left untreated. Sudden cardiac death (SCD) is one of
the leading causes of morbidity and mortality in the Western world. It claims millions of deaths
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Figure 1. The mammalian heart and the cardiac conduction system. The sinoatrial node generates electrical
impulses that travel across the atria, causing their contraction, to the atrioventricular node. In this node the signal
is delayed before being propagated through the left and right bundle branches to the peripheral ventricular
conduction system, causing contraction of both ventricles. Red arrows represent the direction of action potential
propagation, purple and the red lines represent the cardiac conduction system, grey the cardiac chambers, and
yellow non-myocardial tissue. RA: right atrium, LA: left atrium, RV: right ventricle, LV: left ventricle. This figure is
adapted from Weerd and Christoffels 2016.
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General introduction

annually worldwide, accounting for up to 50% of all cardiovascular deaths.? Unfortunately, sudden
cardiac arrest occurs out-of-hospital in the vast majority of cases, resulting in a poor survival
rate. In addition, cardiac arrhythmias are very poorly understood due to their extremely complex
underlying pathophysiology.* Thus, a detailed and in-depth examination of the underlying
molecular mechanisms of arrhythmias is essential.

In this thesis, we study the genetic basis of cardiac electro(patho)physiology using the zebrafish
as a model organism, in order to get a better understanding of the molecular mechanisms of
cardiac electrical function.

1. Cardiac electrophysiology

1.1 The cardiac action potential
Electrical signals travel across the heart in the form of action potentials (APs): brief, regenerative
changes in voltage across the cell membranes of cardiomyocytes. Different phases, initiated by
different ion currents, shape the action potential (Figure 2). During Phase 0 of the AP, membrane
voltage rapidly changes from negative (~ -80 mV) to positive (~ +40 mV), a process that is known
as depolarization. This is predominantly the result of the fast opening of voltage-gated sodium
(Na*) channels, allowing Na* to flow into the cell (I, ). Phase 1 represents the early repolarization
phase, and starts with the rapid inactivation of the Na* channels, reducing the movement of Na*
into the cell. At the same time transient outward potassium (K*) channels open and close rapidly,
allowing a brief flow of K* out of the cell (I_). Phase 2 is known as the plateau phase, as the
membrane potential remains almost constant due to a temporary balance between repolarizing
and depolarizing ion currents. Ultra rapid delayed rectifier potassium channels (I, ) open and allow
K* ions to leave the cell, while L-type calcium channels allow the movement of Ca?* into the cell.
l,., is highly expressed in atrial myocytes and largely responsible for the much shorter AP duration
in the atrium.> During phase 3, the rapid repolarization phase, L-type Ca?* channels close, while
the potassium channels remain open. The net outward positive current causes repolarization and
thereby triggers the opening of more K* channels, which are primarily the rapid delayed rectifier
K* channels (I, ) followed by the inward rectifying K* channels (I.,). The slow delayed rectifier
potassium channels (I, ) come into play when more repolarizing capacity is needed, e.g. under
B-adrenergic activation and with increasing heart rates. The acetylcholine-activated K* channels
(IK/ACh) are most abundant in the atria and the SA and AV nodes, and are activated upon vagal
stimulation of the heart (as discussed at section 1.3). The rapid and slow delayed rectifier K*
channels close when the membrane potential is restored to resting membrane potential, but the
|, current remains active during phase 4. At phase 4 the cell is at rest and inward and outward
currents are in balance, holding the resting membrane potential more or less constant at -80 mV.®
Pacemaker cells don’t have a resting membrane potential. During phase 4, the membrane

potential slowly becomes more positive until it reaches a threshold potential of approximately
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CHAPTER 1

-40mV. One main component of pacemaker cell depolarization is the funny current (1), an ion
current mediated by the hyperpolarizing-activated cyclic nucleotide-gated (HCN) channels, which
open at very negative voltages and facilitate the influx of Na*. Intracellular Ca?* cycling is proposed
as an additional mechanism, as Ca?* sparks are found to precede AP generation. These sparks
can trigger the opening of the sodium/calcium exchanger (NCX) channel located at the plasma
membrane, thereby promoting membrane depolarization through the exchange of one Ca?* for
three Na*»

>
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Figure 2. lon currents that shape the cardiac action potential. The five phases of the action potential are: (4)

resting, (0) upstroke, (1) early repolarization, (2) plateau, and (3) final repolarization. In pacemaker cells, the
membrane potential slowly becomes more positive during phase 4 (upward dotted line). All inward currents are

K,ACh’ | Ito’ I
inward and outward current. Currents that are more abundant in the atria (I, ) or only present in pacemaker cells

shown in yellow boxes (I, I, , I}, all outward currents in blue boxes (I

Na’ "Cal’

NCX can generate both

K1’ Kur’ lKS' |Kr)'

K,Ach
() are shown in lighter colored boxes. The time of activity of the different currents is represented by the black lines

underneath the graph.

1.2 Excitation-contraction coupling
Excitation-contraction coupling is an essential process that translates electrical pulses into
contraction of the heart. The second messenger Ca* plays a central role in this process, as it is
a regulator of electrical activity and myofilaments, the contractile elements in cardiomyocytes
(Figure 3).

During the plateau phase of the action potential, voltage sensitive L-type calcium channels
(LTCCs) are activated, allowing Ca?*ions to flow into the cytosol of the cardiomyocyte. This in turn
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results in a small local increase in cytosolic Ca?*, which activates the ryanodine receptors (RyR2) at
the membrane of the sarcoplasmic reticulum (SR) and triggers the release of large amounts of Ca*
from the SR into the cytosol. This phenomenon is better known as the calcium-induced calcium
release. Next, free cytosolic Ca?* binds the basic contractile elements of the cell, the sarcomeres
(part of the myofilaments), activating them and resulting in contraction. During the relaxation
phase of the cell, cytosolic Ca?* is taken back up into the SR via the sarco/endoplasmic reticulum
ATPase (SERCA2a) pump, which is regulated by phospholamban (PLN). In addition Ca* is shuttled
out of the cell, predominantly through Na*/Ca* exchanger (NCX) and to a lesser extend through
the plasma membrane Ca?* ATPase (PMCA).%’ The resulting fluctuation in cytosolic Ca?* triggered
by the action potential is referred to as a Ca’* transient.

PLN is a small but essential regulator of SERCA and was discovered in the 1970s. As researchers
were unsure of its function but saw that the protein integrated radioactive phosphorus (P*?), they
named it using the Greek words phosphorous and lambano (receive).® After four decades of
research, there is a strong understanding of PLN, but at the same time its function remains puzzling
and more complex than initially believed.® Detailed in vitro studies have demonstrated that PLN
regulates SERCA2a activity by affecting its affinity for Ca?*. Initially, it was believed that the function
of PLN was restricted to this interaction with SERCA. However, it has become increasingly clear that
PLN affects many more processes in the cell and is in fact part of a multimeric regulatome, with
interacting partners like HAX-1'°, Hsp90", Gm??, AKAP**4, PP1%?, |-1%°, and Hsp20*®. PLN consists
of three domains: a cytoplasmic domain (la), a linker domain (Ib), and a SR transmembrane
domain (Il). Two crucial phosphorylation sites are located within the cytoplasmic la domain of
PLN: one at Ser?® and one at Thr'’.*” Phosphorylation of PLN can be induced at Ser'® by cAMP-
dependent protein kinase (PKA), or at Thr' by Ca?/calmodulin-dependent protein kinase I
(CaMKIl) or protein kinase B (PKB/Akt).*® Under basal conditions PLN is non-phosphorylated and
an inhibitor of SERCA2a activity. This inhibition is reversed during B-adrenergic stimulation when
PLN is phosphorylated, resulting in a higher Ca?* affinity of SERCA2a, a higher reuptake of Ca?* into
the SR, an enhanced rate of cardiomyocyte relaxation (lusitropic effect) and an increased force of
contraction (inotropic effect) due to a higher Ca** load of the SR.*” Thus, PLN is a key component
at the intersection of two important signal-transduction pathways of the heart: the B-adrenergic
pathway and the Ca? signaling pathway.

PLN exist in a dynamic equilibrium between monomeric and pentameric states. The prevailing
theory suggests that the monomer is the “active” form, while the pentamer can be regarded as
an “inactive” storage of PLN.Y While most studies agree that the PLN monomer is the active
inhibitory form of SERCA2a, the role of the PLN pentamer has remained more of an anomaly.
Some have shown that the channel-like architecture of the pentamer may enable it to conduct
jons, such as Ca?" or CI.**% |n addition, electron microscopy studies have found evidence of a
physiological interaction between PLN pentamers and SERCA2a at an accessory site.”! It was
hypothesized that this interaction might facilitate diffusion of monomeric PLN to and from its
inhibitory site on SERCA. While the role of PLN oligomerisation is poorly understood, it is clear
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that it is important and even necessary for optimal cardiac function. Transgenic mice, expressing
a PLN variant (Cys**-Phe) that cannot form pentamers, showed defects in cardiac relaxation and a
depressed cardiac function, despite the fact that SR Ca? transport was completely normal.?

There is a fraction of SERCA2a pumps that is not functionally regulated by PLN, which is
approximately 40% in mice.?® Data from human and experimental animal models has shown
that this ratio changes in heart failure. SERCA2a levels diminish, while PLN levels do not change,
resulting in a higher fraction of SERCA2a that is inhibited by PLN.?* In addition, PLN phosphorylation
decreases, adding further to the depression of SERCA2a function in heart failure.'’

Multiple mutations in PLN have been associated with human cardiac disease. One of these
mutations, the R14 deletion, will be further discussed in chapter 7.

v
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Figure 3. Excitation-contraction coupling and Ca* transport in ventricular cardiomyocytes. The top panel shows
the time course of an action potential, Ca** transient and contraction curve from a ventricular cardiomyocyte. The
bottom panel shows the Ca* response to an action potential within a ventricular cardiomyocyte. Ca?* flows into
the cell via voltage activated LTCCs (L-type Calcium Channels). This Ca* influx in turn triggers the release of large
amounts of Ca?* from the SR (sarcoplasmic reticulum) via RyR2 (ryanodine receptor). Free cytosolic Ca?* binds to
the myofilaments, resulting in contraction. During relaxation, Ca? is released from the myofilaments, and taken
back up in the SR via SERCA (sarco/endoplasmic reticulum ATPase) which is regulated by PLN (phospholamban), or
transported out of the cell via NCX (Na*/Ca?* exchanger) and PMCA (plasma membrane Ca?* ATPase). This figure is
adapted from Bers 2002.
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1.3 Autonomic regulation of the heart

The heart is innervated by the autonomic nervous system, which acts largely unconsciously,
influencing and regulating the function of internal organs such as the heart, gut and lungs. In
the heart, the autonomic nervous system is responsible for the fine-tuning of heart rate, cardiac
output and contractility to body demands. There are two different divisions of the autonomic
nervous system: the parasympathetic and sympathetic system. Sympathetic nerves innervate the
entire heart, including the SA and AV node. Parasympathetic nerves mainly innervate the SA node,
AV node, and atrial tissue. The ventricle is only sparsely innervated.?

The sympathetic and parasympathetic system have opposing effects on the heart, which are
mediated through muscarinic (M,) and B-adrenergic (B,/B,) receptors respectively. Postganglionic
sympathetic nerves release the neurotransmitter noradrenaline (NA), which can bind to and
activate B-receptorsonthe heart. B-receptors are 7-transmembrane receptors and have a G-protein
attached at their cytoplasmic tail. When the B-receptor is activated, the attached G -protein (s for
stimulatory) is also activated, initiating a series of reactions that result in the activation of cyclic
adenosine monophosphate (cCAMP) and PKA. These second messengers exert various effects in the
cell, for example through the regulation of ion channels. Overall, they trigger an increased SA node
firing rate (positive chronotropic effect), an increased force of contraction of atrial and ventricular
cardiomyocytes (positive inotropic effect), increased relaxation of contraction (lusitropic effect)
and a faster conduction in the AV node (positive dromotropic effect). A well-known agonist of the
B-adrenergic receptors is isoproterenol (also known as isoprenaline). A well-known antagonist is
propranolol.®

In contrast to the sympathetic system, postganglionic nerves of the parasympathetic system
release the neurotransmitter acetylcholine (ACh), which can bind to M,-receptors on the heart.
Like B-receptors, the M -receptor is a 7-transmembrane receptor with a G-protein linked to it.
Binding of ACh activates the receptor and the G-protein (i for inhibitory), initiating a series of
reactions that result in a decrease of cAMP in the cell. G-proteins can also directly influence
muscarinic potassium channels, like Kir3.1/Kir3.4 (responsible for IK/ACh). Overall, M,-receptor
activation will result in a decreased SA node firing rate (negative chronotropic effect), a decreased
force of contraction of atrial cardiomyocytes (negative inotropic effect) and a slower conduction
in the AV node (negative dromotropic effect).?

1.4 Arrhythmic mechanisms

Cardiomyocytes communicate with each other via specialized structures called intercalated discs,
which contain gap junction channels that connect the cytoplasm of adjacent cells. This way, action
potentials that are initiated in one cell can be propagated to the next cell, and so on, ultimately
resulting in the activation of the entire heart. Cell-cell communication is a crucial factor in the
development of arrhythmias, as arrhythmias involve large parts of the heart. The mechanisms
that are responsible for cardiac arrhythmias can be divided into disorders of impulse formation
(i.e. focal activity), disorders of impulse conduction (i.e. reentry), or a combination of both.??’
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Focal activity can arise from enhanced automaticity or triggered activity.?” Automaticity refers
to the spontaneous activity that some cardiomyocytes possess, such as the SA node pacemaker
cells. As mentioned in the previous section, the autonomic nervous system can modulate
automaticity. Abnormal automaticity includes both a reduced and an increased automaticity,
resulting in bradycardia and tachycardia respectively?, and can be caused by a disruption of the
ion currents that underlie the pacemaker potential, such as the funny current (I). Triggered activity
is caused by early afterdepolarizations (EADs) or delayed afterdepolarizations (DADs), which are
extra depolarizations that accompany or follow the cardiac action potential. When EAD or DAD
amplitude is sufficient to bring the membrane to its threshold potential it results in a spontaneous
new action potential, referred to as a triggered response. Triggered responses can give rise to
premature contractions (ectopic beats or extrasystoles) and tachyarrhythmias. EADs are usually
associated with a prolongation of the action potential duration, for example through disrupted
Ca?*dynamics or altered repolarizing potassium currents.?” When the balance in inward/outward
currents is tipped towards a higher inward current, the membrane depolarizes and an EAD is
formed. DADs are usually associated with conditions of Ca?* overload, which result in spontaneous
Ca** releases from the SR.*’

Reentry is fundamentally different from focal activity and occurs when an action potential
does not extinguish but instead reactivates a region that is no longer refractory (recovering). This
results in a continuous circulating electrical wavefront and a rapid and abnormal activation of
cardiomyocytes. Requirements for reentry are a unidirectional block, in which impulses can only
be conducted in one direction in a section of the heart, and a slowed conduction.?” Reentry can be
measured using electrocardiograms (ECG) or electrodes that are in direct contact with the cardiac
tissue.

In this thesis | mainly focus on focal activity as a mechanism for arrhythmias. To determine
focal activity we used techniques like optogenetics and patch-clamp to measure membrane
voltage, action potential shape, and ion currents (including intracellular Ca?*).

2. The zebrafish as a model to study cardiac arrhythmias

2.1 Advantages of the zebrafish

Zebrafish (Danio rerio) are small tropical fish with a remarkable track record in biomedical
research. These vertebrates were already used as a genetic model in the 1980s by Streisinger
and coworkers.” Especially the ease of breeding zebrafish, their low maintenance costs and
the unique combination of their transparency (which allows non-invasive in vivo visualization of
organs) and their embryological manipulability made it an appealing model for research.? In the
1990s and 2000s the zebrafish was used on a large scale in forward genetic screenings to identify
genes involved in development and disease. Such investigations have identified thousands of
fish mutants and have contributed vastly to our understanding of basic vertebrate biology and
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vertebrate development.®*3! However, over the years the zebrafish has also presented itself as a
powerful model for other research areas. It has been increasingly included in studies of human
genetic disease, providing independent evidence of gene function and insight into the underlying
mechanisms of disease.?*! This is mainly the result of the high degree of genetic homology
between zebrafish and mammals, and the ease by which the zebrafish can be genetically
manipulated, especially since CRISPR/Cas9 became available in 2013. Sequencing of the zebrafish
genome was initiated by the Wellcome Trust Sanger Institute in 2001, and resulted in a complete
annotation of zebrafish genes and the identification of their human orthologs. A direct comparison
of zebrafish and human protein-coding genes revealed that 71.4% of all human genes have at least
one zebrafish ortholog, as well as 82% of all human disease causing genes.*? In addition, when
comparing model systems that are accessible for large screens, zebrafish stand out for their highly
conserved physiology. They possess fully recognizable organ systems, like liver, heart, kidneys,
pancreas and so on, and these organs exhibit very similar functions to their human counterpart.
For example, just as in humans, glucose homeostasis in zebrafish is dependent on a, B, §, and
e cells for the secretion of glucagon, insulin, somatostatin and ghrelin respectively.*® Also, the
hematopoietic system in the zebrafish consists of similar cells types as the human system, and
includes erythrocytes, neutrophils, eosinophils, lymphocytes and macrophages.*.

2.2 Zebrafish heart anatomy

In contrast to the mammalian heart, fish only have one atrium and one ventricle. Nevertheless,
human and zebrafish adult hearts resemble each other in many aspects, including basic contractile
dynamics, beating rates, the shape of APs and of electrocardiograms (ECGs).*>* The zebrafish
heart consists of four structures that are connected in series: the sinus venosus, atrium, ventricle,

Sinoatrial node

Inflow tract

Zebrafish heart Embryonic mammalian heart (E9.5)

Figure 4. Anatomy of the zebrafish heart and the embryonic mammalian heart. The left panel shows the global
structure of the zebrafish heart, the right panel of the embryonic mammalian heart at embryonic (E) day 9.5. Grey
represents the cardiac conduction system, purple the cardiac chambers, and yellow non-myocardial tissue. A:
atrium, V: ventricle, LV: left ventricle, RV: right ventricle. This figure is adapted from Jensen et al 2013.
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and bulbus arteriosus (Figure 4). Venous blood, which is poor in oxygen, is pumped from the
cardinal vein into the ventral aorta by the heart. The ventral aorta leads to the gills where the
blood is oxygenated and from were the blood is redistributed throughout the body. Like the
human heart, the zebrafish heart consists of an endocardial, myocardial and epicardial layer, and
has valves separating the different chambers (atrium/ventricle, ventricle/bulbus).*” A functional
equivalent of the cardiac conduction system is present in the zebrafish, since there is synchronized
cardiac contraction and a unidirectional blood flow. However, it is good to note that zebrafish do
lack a well-defined AV node and the His-Purkinje bundles.*

2.3 Development of the zebrafish heart and conduction system

The heart is the first organ to form and function during vertebrate development. In humans, the
first heartbeat is observed after a few weeks post fertilization. However, the zebrafish is extra-
ordinary when it comes to heart development, as the first heartbeat can be observed within 24
hours post fertilization (hpf).

Development of the heart starts before gastrulation with the specification of myocardial and
endocardial progenitor cells.*® These progenitor cells are localized within the marginal zone, the
region in the early embryo that will give rise to the mesoderm.® During gastrulation, the cardiac
progenitor cells move dorsally towards the mid-line and end up in a bilateral position in the anterior
lateral plate mesoderm, the tissue that gives rise to the mesenteries and the major substance
of the heart. Homeobox-containing transcription factor Nkx2.5 is the earliest known marker for
vertebrate heart development and is required for cardiac differentiation. In zebrafish, Nodal and
bone morphogenetic protein (Bmp) signaling induce the expression of Nkx2.5 by inducing gata5
expression at the 1- to 3-somite stage.* Cardiac differentiation is initiated at the 12- to 15-somite
stage, as Myosin light chain polypeptide 7 (myl7, formerly known as cmlc2) expression is initiated
within a few cells. The number of myl7 expressing cells increase vastly over time.*! In addition,
future ventricle myocardial cells differentiate and start expressing ventricle myosin heavy chain
(vmhc). This is followed slightly later by the differentiation of the future atrial myocardial cells
which start expressing atrial myosin heavy chain (amhc/myh6).* Expression of sarcomeric genes
can be observed as early as the 14-somite stage.>? The bilateral heart fields fuse at the mid-line
and form a cardiac disc structure, with the endocardial cells located at the center. This cardiac disc
is transformed into a linear tube during cardiac morphogenesis. Endocardial cells form the inner
lining of the heart tube and a distinct venous pole and arterial pole can now be observed.* At this
stage, myocardial cells are still added to the arterial pole.>* Cardiac looping and valve formation
start at 36 hours post fertilization (hpf). During looping, the ventricle and the atrium become
distinct chambers, a process known as chamber ballooning.>® The ventricle is displaced toward the
mid-line, and a constriction appears between the atrium and ventricle, forming the AV canal. The
heart tube continues to loop until it forms a distinct S-shape.* Extra-cardiac pro-epicardial cells,
that are located near the AV canal, start to cover the heart to form an epicardial layer.>* The valves
are fully distinguisable by 105 hpf, showing distinct leaflets composed of two cell layers separated
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by a layer of fibronectin-containing extracellular matrix.>

Cardiac contractions are first observed when the cardiac tube is formed and are initiated at
the venous pole of the heart. Initially these contractions are still irregular and uncoordinated,
but they soon become more organized. At this stage, contractions are peristaltic as electrical
pulses can only travel slowly through the heart tube. When the heart develops further, heart
rate increases and peristaltic movements make place for sequential contraction of the atrium and
the ventricle. Pacemaker cells are the last cells that are added to the venous pole of the heart
tube.” Interestingly, these cells express is/1, a LIM-homeodomain-containing transcription factor
also expressed in motorneurons. Zebrafish is/7 mutant embryos display severe bradycardia and
arrhythmias, indicating that Islet-1 plays an important role in the function of pacemaker cells.*®
During cardiac looping, a slowing of electrical pulses is observed in the developing AV canal,
similar to the delay that occurs in the mammalian AV node. This event likely triggers the transition
from peristaltic contraction into sequential contraction, as electrical signals traveling from one
pole of the heart to the other are now interrupted. Several signaling pathways and transcription
factors are required to maintain a slow-conducting AV canal myocardium. These include the T-box
transcription factor Tbx2b and the bone morphogenetic protein Bmp4. °"°8

While the zebrafish heart looks very distinct from the adult mammalian heart in terms of
anatomy and conduction system, it shares many similarities when comparing it with the embryonic
mammalian heart. This indicates that the basic building plan of the heart and its structures is very
similar between zebrafish and mammals (Figure 4).

2.4 The zebrafish cardiac action potential

The cardiac AP shape in zebrafish shows much resemblance with the human AP shape, indicating
that cardiac electrophysiology is highly conserved within the zebrafish. Interestingly, the ventricular
AP shape of humans is more similar to zebrafish then it is to rodents, suggesting that the zebrafish
could be the preferential model in some electrophysiological studies, especially considering the
other benefits of this model.* There is indeed a large overlap in cardiac ion currents between
zebrafish and human, but there are also some clear differences. Table 1 contains a comparative
overview of the cardiac ion channels in human and zebrafish.

Pacemaker currents

Just like humans, the heart rate in zebrafish is controlled by pacemaker cells in the SA node and
modulated by the autonomous nervous system. Pacemaker cells express the transcription factor
Islet-1 and are organized in a ring-like structure around the inflow region of the atrium.*® In line
with mammals, | is one of the main depolarizing currents in zebrafish pacemaker cells.* This
is well demonstrated within in the zebrafish mutant slow mo, which has a marked bradycardia.
Patch-clamp experiments revealed that | is severely impaired in this mutant as the fast component
of I is completely abolished.*** In humans, the HCN4 channel (encoded by the HCN4 gene) is the
main channel responsible for |, which seems to be the same in zebrafish.>*!
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Na* channels

Similar to humans, fast Na* currents are present in both atrial and ventricular zebrafish
cardiomyocytes and are responsible for the AP upstroke phase.* In humans Na 1.5 (encoded by
the SCN5A gene) is the principal cardiac Na* channel isoform. scn5Laa (scni2aa) and scn5Lab
(scni2ab) are the zebrafish orthologues of SCN5A.%> However, in contrast to human Na 1.5, the
zebrafish channel is more sensitive to the blocker tetrodotoxin (TTX) due to a replacement of
an amino acid in the protein sequence.® In a recent study, Huttner and coworkers® generated
stable transgenic zebrafish lines, which expressed either human wild-type Na 1.5 (SCN5A-WT)
or a dominant-negative mutant of Navl.5 (SCN5A-D1275N) under the control of the cardiac-
specific myl7-promoter. Many SCN5A-D1275N fish displayed bradycardia, conduction-system
abnormalities and premature death. In addition, the SCN5A-WT transgene could compensate for
the loss of endogenous zebrafish Nav1.5 channels, suggesting that zebrafish Nav1.5 is orthologous
to the human Nav1.5.% Na 1.4 (scn4ab gene) also seems to be expressed in the zebrafish heart,
but for now it remains unclear how this channel contributes to I, _.%°

Ca* channels

The zebrafish heart contains L-type and T-type Ca?* channels (LTCC and TTCC), similar to the
human heart. However, while expression of TTCCs in humans is restricted to the fetal heart and to
the pacemaker cells in the adult heart, TTCCs are expressed throughout the zebrafish heart. This
could indicate that adult zebrafish cardiomyocytes are more immature compared to mammalian
cardiomyocytes.”* In humans, Cavl.2 (encoded by the CACNAIC gene) is the dominant LTCC
cardiac isoform and Cav3.2 (encoded by the CACNAIH gene) the main TTCC cardiac isoform. In
the zebrafish, Cavl.2 and to a lesser extend Cav1.3 (encoded by cacnalc and cacnalda/cacnaldb
respectively) are the main LTCC cardiac isoforms®”, but zebrafish TTCC composition has not been
studied well.** Pharmacological and patch-clamp experiments provide robust evidence for a role
of LTCC in the plateau phase of atrial and ventricular APs, as LTCC blocker nifedipine shortens
the AP duration (APD) in zebrafish atrium and ventricle.* In line with this, the islet beat zebrafish
mutant, which carries a mutation in Cav1.2, displays uncoordinated atrial contraction and has a
ventricle that is completely silent.®’

K* channels

The zebrafish heart shows overlap with the human heart in terms of the types of cardiac K* ion

channels expressed, but also displays marked differences. As mentioned before, K* currents that

shape the AP include |, I, , 1,11, IK/ATP and IK'Ach (
The I currentis considered to be absent in the zebrafish heart, as the early rapid repolarization

in order of activation).

spike (phase 1) is not very prominent in zebrafish APs.* In humans | _is formed by the Kv1.4, Kv4.2
and Kv4.3 channels (encoded by the KCNA4, KCND2 and KCND3 gene respectively). Orthologs
for these channels are present in the zebrafish’, so it is conceivable that one or more of these
channels are expressed, but only at low levels.
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Table 1. A comparison of ion channels in the adult human and zebrafish heart channels

Current Organism a-Subunit Gene Expression

| Human Na 1.5 SCN5A Atrium and ventricle

Na Zebrafish Na 1.5a/b% scn5Laa/ab (scn12aa/ab)®?  Atrium and ventricle®?

| Human Cavl.2 CACNAIC Atrium and ventricle

Cal Zebrafish Cav1.2, Cavl.3a/b®768 cacnalc, cacnalda/b%% Atrium and ventricle®”¢®

| Human Cav3.2 CACNAIH Fetal heart and SAN

CaT Zebrafish unknown unknown Atrium and ventricle®
Human Kv1.4, Kv4.2, Kv4.3 KCNA4, KCND2, KCND3 Atrium and ventricle

to Zebrafish unknown unknown unknown

Atrium and ventricle

| Human Kir2.1-Kir2.3 KCNJ2, KCNJ12, KCNJ4 Atrium?”’

€ Zebrafish Kir2.2a, Kir2.47" kcnj12a’ kenj14" b g
Atrium and ventricle

| Human Kv11.1 (hERG) KCNH2 Atrium and ventricle

kr Zebrafish Kv11.2 (zERG-3)™* kenh6a™ Atrium and ventricle”

| Human Kv7.1 (KvLQT1) KCNQ1 Atrium and ventricle

ks Zebrafish Kv7.17® keng17® Atrium and ventricle’®

| Human Kv1.5 KCNA5 Atrium

Kur Zebrafish unknown unknown unknown

| Human Kir3.1, Kir3.4 KCNJ3, KCNJ5 Atrium, SA node

KACh Zebrafish Kir3.1, Kir3.478 Kcnj3a, kenjs57® Atrium, SA node’®

| Human HCN4 HCN4 SA-node

f Zebrafish Hcn4gee6t hcn4°e6t SA-node>®6!

Baker et al. mentioned the presence of an |, in cultured embryonic zebrafish myocytes®, but
no studies have provided further evidence for this. In humans, |, is formed by the K 1.5 channel
(encoded by the KCNAS5 gene). There is no zebrafish ortholog of KCNA5 annotated.

|, is the main repolarizing current in the zebrafish heart, as it is in humans, but interestingly
this current is not formed by Kv11.1 (hERG, encoded by the KCNH2 gene), but by a channel
orthologous to Kv11.2 (zERG or zERG-3, encoded in humans by KCNH6; in zebrafish by kcnh6a).”*
Despite biophysical differences between the human and zebrafish ERG channel, mutations in
ZERG do cause similar electrophysiological effects for short and long QT as observed in humans
(e.g. zebrafish mutants breakdance and reggae).**’*” Also, QT prolonging drugs can trigger AP
prolongation, bradycardia and AV block in zebrafish embryos, indicating a similar role of hERG and
ZERG in cardiac electrophysiology.*747
is formed by the Kv7.1 or KvLQT1 channel (encoded by the KCNQ1 gene).

Zebrafish have cardiac | _and express the Kv7.1 channel (encoded by the kcng1 gene) both in the

In humans, |

atrium and ventricle. 100 uM chromanol 293B, which is a blocker of Kv7.1 and | , was shown to

Ks”
produce a significant prolongation of the AP in the zebrafish ventricle, demonstrating that there is

a functional relevance of the channel and of | _in zebrafish.”®
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There is a robust background |, present in atrial and ventricular cardiomyocytes of adult
zebrafish (phase 4), and like in humans, the density of |, is markedly higher in the atrium than the
ventricle. But while human |, is produced by Kir2.1, Kir2.2 and Kir2.3 channels (encoded by the
KCNJ2, KCNJ12 and KCNJ4 gene), zebrafish |, is predominantly produced by Kir2.4 in the ventricle
(92.9% of the total Kir2 population), and by Kir2.2a and Kir2.4 in the atrium (64.7% and 29.3% of
the total Kir2 population).”

In agreement with findings in human, zebrafish display functional | as current amplitude

K,Ach’?

increases in response to carbachol, an agonist of | Like humans, this response is only visible in

K,Ach®

atrial, but not in ventricular zebrafish cardiomyocytes.*>’® The human channel responsible for |, ,

is composed of Kir3.1 and Kir3.4 (encoded by the KCNJ3 and KCNJ5 gene), which seems to be the
same in zebrafish (Kir3.1/3.4, encoded by the kcnj3a and kcnj5 gene).”

Excitation-contraction coupling in the zebrafish

In comparison to human cardiomyocytes, zebrafish cardiomyocytes show some important
differences in Ca?* handling. Zebrafish cardiomyocytes for example lack transverse tubules and the
SR has a lower ability to store and release Ca*". Crucially, this might make zebrafish cardiomyocytes
less susceptible for Ca* after-transients and delayed afterdepolarizations.”#

Regardless, many proteins that are important in human cardiac Ca* homeostasis have a
functional zebrafish ortholog, indicating that many of the Ca* pathways are conserved. RyR2
(encoded by the RYR2 gene) is the main RyR isoform in human hearts, which is similar in zebrafish
(RyR2, encoded by the ryr2 gene). However, in comparison to the human protein, RyR2 in the
zebrafish has a very low Ca?* sensitivity, resulting in the release of only a small fraction of SR
Ca* content with each beat.®! SERCA2a (encoded by the ATP2A2 gene) is the main cardiac SERCA
isoform in both humans and zebrafish, and the SERCA2a regulator PLN (encoded by the PLN gene)
is also expressed in the zebrafish (PIn, encoded by p/na on Chr 17 and p/nb on Chr 20). SERCA2
knockdown in zebrafish causes a reduction in heart rate, weak contractility and hearts fail to
loop.82 Strikingly, the PLN binding site of SERCA2a, as well as the PLN phosphorylation sites are
highly conserved, indicating that zebrafish SERCA2a is regulated in a similar fashion by PLN as in
human cardiomyocytes.?2 The NCX ion exchanger in humans is encoded by the SLC8A1 gene and
in zebrafish by the slc8alb gene. The zebrafish tremblor mutant carries a mutation in NCX and has
prominent arrhythmias in the atrium and a completely silent ventricle, demonstrating a functional
role of the NCX exchanger in zebrafish.®

Overall, zebrafish might not be ideal to study Ca?* modulated arrhythmias, but it is a promising
model to study the independent components that regulate Ca®* transients and homeostasis.

Autonomic regulation of the zebrafish heart

The zebrafish heart contains all the essential autonomous nervous system components that are
required for the regulation of heart rate and contractility. Like mammals, zebrafish have vagal
and sympathetic nerves innervating the heart at the SA node, atrium, AV-region and ventricle.
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Stimulation of individual cardiac vagosympathetic nerve trunks as well as direct application of
cholinergic and adrenergic agents can evoke bradycardia and tachycardia, indicating that the
autonomous nervous system in zebrafish works in a similar fashion as the human autonomous
nervous system.® In line with this, the zebrafish heart shows expression of M, -receptors
(parasympathetic) and B-adrenoreceptors (sympathetic).** The M,-receptorsin humansin encoded
by the CHRM2 gene, and in zebrafish by the chrm2a and chrm2b genes. The B -adrenoreceptor is
encoded by the ADRB1 gene in humans and by the adrb1 gene in zebrafish.®¢

3. Outline of this thesis

The general aim of the work in this thesis is to study the genetic basis of cardiac electric function
and to study the molecular mechanisms underlying arrhythmias. The zebrafish is used as a model
organism, exploiting its genetic manipulability and the ease of analysis.

Part | of this thesis is focused on optogenetic sensors and their benefits in studying cardiac
cellular electrophysiology. In chapter 2, different optogenetic sensors are reviewed and we show
that these sensors can be useful tools to study the in vivo dynamics of molecules at a cellular level,
without the use of invasive procedures. We critically evaluate these sensors and their suitability for
cardiac research. In chapter 3, we introduce two zebrafish lines, expressing an optogenetic cardiac
voltage sensor (VSFP-butterfly) or a Ca?* sensor (GCaMP6f). With these fish we were able to study
cardiac cellular electrophysiology in a detailed and spatiotemporal manner, demonstrating that
transgenic VSFP-butterfly and GCaMP6f fish provide a powerful and novel tool for the research of
arrhythmias.

In part Il of this thesis we use the zebrafish to study the effects of different genes on cardiac
cellular electrophysiology. Chapter 4 describes a patient group with a novel multisystem syndrome,
in which both cardiac electrophysiology and the nervous system are affected. All patients were
found to carry mutations in the GNB5 gene. A gnb5 knockout zebrafish line was generated to
study the genotype-phenotype relationship, which demonstrated a strong correlation between
zebrafish and patient symptoms. This indicated a causal link between GNB5 mutations and
disease, and identified GNB5 as a novel gene important for cardiac function. In Chapter 5 we
further study the molecular function of GNB5 using human induced pluripotent stem cell-derived
atrial cardiomyocytes (iPSC-CMs). We tested the use of |, , blockers to correct the effect of GNB5
mutations on cardiac function, both in iPSC-CMs and in the knockout gnb5 zebrafish model, and
show that these drugs can positively affect GNB5 pathology. In Chapter 6 TMEM161B is introduced
as a completely novel component of the cardiac conduction system. A missense mutation in
tmem161b results in severe arrhythmias in zebrafish embryos. We observed striking changes in
the action potentials of these fish, which are likely due to disruption of |, and Iy Chapter 7 we
study the pathology of the phospholamban arginine 14 deletion (PLN R14del) using the zebrafish
as a model system. Patients who carry the PLN R14del have a high incidence of arrhythmogenic
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right ventricular cardiomyopathy (ARVC) and idiopathic dilated cardiomyopathy (DCM). We show
that PLN R14del zebrafish display some cellular changes at a young age and can develop severe
cardiomyopathy when they grow older.

Chapter 8 aims to put the results of this thesis in perspective, in the form of a summarizing
discussion.
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