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Above all else, guard your heart,
for everything you do flows from it

(Proverbs 4:23)
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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.1 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.1 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 

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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1annually worldwide, accounting for up to 50% of all cardiovascular deaths.3 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.4 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 (INa). 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 (Ito). 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 (IKur) open and allow 

K+ ions to leave the cell, while L-type calcium channels allow the movement of Ca2+ into the cell. 

IKur is highly expressed in atrial myocytes and largely responsible for the much shorter AP duration 

in the atrium.5 During phase 3, the rapid repolarization phase, L-type Ca2+ 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 (IKr) followed by the inward rectifying K+ channels (IK1). The slow delayed rectifier 

potassium channels (IKs) come into play when more repolarizing capacity is needed, e.g. under 

β-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 

IK1 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.5

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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1 -40mV. One main component of pacemaker cell depolarization is the funny current (If), 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 Ca2+ cycling is proposed 

as an additional mechanism, as Ca2+ 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 Ca2+ for 

three Na+.5

Figure 2. Ion 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 

shown in yellow boxes (INa, ICa,L, If) , all outward currents in blue boxes (IK,ACh, IK1, Ito, IKur, IKs, IKr). NCX can generate both 

inward and outward current. Currents that are more abundant in the atria (IK,Ach) or only present in pacemaker cells 

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

underneath the graph.
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1.2   Excitation-contraction coupling
Excitation-contraction coupling is an essential process that translates electrical pulses into 

contraction of the heart. The second messenger Ca2+ 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 Ca2+ ions to flow into the cytosol of the cardiomyocyte. This in turn 
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1results in a small local increase in cytosolic Ca2+, which activates the ryanodine receptors (RyR2) at 

the membrane of the sarcoplasmic reticulum (SR) and triggers the release of large amounts of Ca2+ 

from the SR into the cytosol. This phenomenon is better known as the calcium-induced calcium 

release. Next, free cytosolic Ca2+ 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 Ca2+ is taken back up into the SR via the sarco/endoplasmic reticulum 

ATPase (SERCA2a) pump, which is regulated by phospholamban (PLN). In addition Ca2+ is shuttled 

out of the cell, predominantly through Na+/Ca2+ exchanger (NCX) and to a lesser extend through 

the plasma membrane Ca2+ ATPase (PMCA).6,7 The resulting fluctuation in cytosolic Ca2+ triggered 

by the action potential is referred to as a Ca2+ 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 (P32), they 

named it using the Greek words phosphorous and lambano (receive).8 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.9 Detailed in vitro studies have demonstrated that PLN 

regulates SERCA2a activity by affecting its affinity for Ca2+. 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-110, Hsp9011, Gm12, AKAP13,14, PP112, I-115, and Hsp2016. PLN consists 

of three domains: a cytoplasmic domain (Ia), a linker domain (Ib), and a SR transmembrane 

domain (II). Two crucial phosphorylation sites are located within the cytoplasmic Ia domain of 

PLN: one at Ser16 and one at Thr17.17 Phosphorylation of PLN can be induced at Ser16 by cAMP-

dependent protein kinase (PKA), or at Thr17 by Ca2+/calmodulin-dependent protein kinase II 

(CaMKII) or protein kinase B (PKB/Akt).18 Under basal conditions PLN is non-phosphorylated and 

an inhibitor of SERCA2a activity. This inhibition is reversed during β-adrenergic stimulation when 

PLN is phosphorylated, resulting in a higher Ca2+ affinity of SERCA2a, a higher reuptake of Ca2+ into 

the SR, an enhanced rate of cardiomyocyte relaxation (lusitropic effect) and an increased force of 

contraction (inotropic effect) due to a higher Ca2+ load of the SR.17 Thus, PLN is a key component 

at the intersection of two important signal-transduction pathways of the heart: the β-adrenergic 

pathway and the Ca2+ 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.17 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 

ions, such as Ca2+ or Cl-.19,20 In addition, electron microscopy studies have found evidence of a 

physiological interaction between PLN pentamers and SERCA2a at an accessory site.21 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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1 that it is important and even necessary for optimal cardiac function. Transgenic mice, expressing 

a PLN variant (Cys41-Phe) that cannot form pentamers, showed defects in cardiac relaxation and a 

depressed cardiac function, despite the fact that SR Ca2+ transport was completely normal.22   

There is a fraction of SERCA2a pumps that is not functionally regulated by PLN, which is 

approximately 40% in mice.23 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.24 In addition, PLN phosphorylation 

decreases, adding further to the depression of SERCA2a function in heart failure.17 

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.

Figure 3. Excitation-contraction coupling and Ca2+ transport in ventricular cardiomyocytes. The top panel shows 

the time course of an action potential, Ca2+ transient and contraction curve from a ventricular cardiomyocyte. The 

bottom panel shows the Ca2+ response to an action potential within a ventricular cardiomyocyte. Ca2+ flows into 

the cell via voltage activated LTCCs (L-type Calcium Channels). This Ca2+ influx in turn triggers the release of large 

amounts of Ca2+ from the SR (sarcoplasmic reticulum) via RyR2 (ryanodine receptor). Free cytosolic Ca2+ binds to 

the myofilaments, resulting in contraction. During relaxation, Ca2+ 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+/Ca2+ exchanger) and PMCA (plasma membrane Ca2+ ATPase). This figure is 

adapted from Bers 2002.
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11.3   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.25

The sympathetic and parasympathetic system have opposing effects on the heart, which are 

mediated through muscarinic (M2) and β-adrenergic (β1/β2) receptors respectively. Postganglionic 

sympathetic nerves release the neurotransmitter noradrenaline (NA), which can bind to and 

activate β-receptors on the heart. β-receptors are 7-transmembrane receptors and have a G-protein 

attached at their cytoplasmic tail. When the β-receptor is activated, the attached Gs-protein (s for 

stimulatory) is also activated, initiating a series of reactions that result in the activation of cyclic 

adenosine monophosphate (cAMP) 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 

β-adrenergic receptors is isoproterenol (also known as isoprenaline). A well-known antagonist is 

propranolol.25 

In contrast to the sympathetic system, postganglionic nerves of the parasympathetic system 

release the neurotransmitter acetylcholine (ACh), which can bind to M2-receptors on the heart. 

Like β-receptors, the M2-receptor is a 7-transmembrane receptor with a G-protein linked to it. 

Binding of ACh activates the receptor and the Gi-protein (i for inhibitory), initiating a series of 

reactions that result in a decrease of cAMP in the cell. Gi-proteins can also directly influence 

muscarinic potassium channels, like Kir3.1/Kir3.4 (responsible for IK,ACh). Overall, M2-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).25 

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.26,27 
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1 Focal activity can arise from enhanced automaticity or triggered activity.27 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 respectively26, and can be caused by a disruption of the 

ion currents that underlie the pacemaker potential, such as the funny current (If). 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 

Ca2+ dynamics or altered repolarizing potassium currents.27 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 Ca2+ overload, which result in spontaneous 

Ca2+ releases from the SR.27 

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.27 Reentry can be 

measured using electrocardiograms (ECG) or electrodes that are in direct contact with the cardiac 

tissue.

In this thesis I 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 Ca2+).

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.28 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.29 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 



General introduction

17

1vertebrate development.30,31 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.32-41 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.42 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 α, β, δ, and 

ε cells for the secretion of glucagon, insulin, somatostatin and ghrelin respectively.43 Also, the 

hematopoietic system in the zebrafish consists of similar cells types as the human system, and 

includes erythrocytes, neutrophils, eosinophils, lymphocytes and macrophages.44. 

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).45,46 The zebrafish 

heart consists of four structures that are connected in series: the sinus venosus, atrium, ventricle, 

Inflow tract

Outflow tract

LV

A

Embryonic mammalian heart (E9.5)Zebrafish heart

AV canal

V
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Sinoatrial node

RV

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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1 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).47 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.48 

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.49 These progenitor cells are localized within the marginal zone, the 

region in the early embryo that will give rise to the mesoderm.50 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.49 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.51 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).49 Expression of sarcomeric genes 

can be observed as early as the 14-somite stage.52 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.49 At this 

stage, myocardial cells are still added to the arterial pole.51 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.53 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.49 Extra-cardiac pro-epicardial cells, 

that are located near the AV canal, start to cover the heart to form an epicardial layer.54 The valves 

are fully distinguisable by 105 hpf, showing distinct leaflets composed of two cell layers separated 
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1by a layer of fibronectin-containing extracellular matrix.55  

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.49 Interestingly, these cells express isl1, a LIM-homeodomain-containing transcription factor 

also expressed in motorneurons. Zebrafish isl1 mutant embryos display severe bradycardia and 

arrhythmias, indicating that Islet-1 plays an important role in the function of pacemaker cells.56 

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. 57,58

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.45 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.56 In line 

with mammals, If is one of the main depolarizing currents in zebrafish pacemaker cells.59 This 

is well demonstrated within in the zebrafish mutant slow mo, which has a marked bradycardia. 

Patch-clamp experiments revealed that If is severely impaired in this mutant as the fast component 

of If is completely abolished.59,60 In humans, the HCN4 channel (encoded by the HCN4 gene) is the 

main channel responsible for If, which seems to be the same in zebrafish.56,61 
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1 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.45 In humans Nav1.5 (encoded by 

the SCN5A gene) is the principal cardiac Na+ channel isoform. scn5Laa (scn12aa) and scn5Lab 
(scn12ab) are the zebrafish orthologues of SCN5A.62 However, in contrast to human Nav1.5, the 

zebrafish channel is more sensitive to the blocker tetrodotoxin (TTX) due to a replacement of 

an amino acid in the protein sequence.63 In a recent study, Huttner and coworkers64 generated 

stable transgenic zebrafish lines, which expressed either human wild-type Nav1.5 (SCN5A-WT) 

or a dominant-negative mutant of Nav1.5 (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 Nav1.5.65 Nav1.4 (scn4ab gene) also seems to be expressed in the zebrafish heart, 

but for now it remains unclear how this channel contributes to INa.
66

Ca2+ channels
The zebrafish heart contains L-type and T-type Ca2+ 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.45 In humans, Cav1.2 (encoded by the CACNA1C gene) is the dominant LTCC 

cardiac isoform and Cav3.2 (encoded by the CACNA1H gene) the main TTCC cardiac isoform. In 

the zebrafish, Cav1.2 and to a lesser extend Cav1.3 (encoded by cacna1c and cacna1da/cacna1db 
respectively) are the main LTCC cardiac isoforms67,68, but zebrafish TTCC composition has not been 

studied well.69 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.45 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.67 

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 Ito, IKur, IKr, IKs, IK1, IK,ATP and IK,Ach (in order of activation).

The Ito current is considered to be absent in the zebrafish heart, as the early rapid repolarization 

spike (phase 1) is not very prominent in zebrafish APs.45 In humans Ito 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 zebrafish70, so it is conceivable that one or more of these 

channels are expressed, but only at low levels.    
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Baker et al. mentioned the presence of an IKur in cultured embryonic zebrafish myocytes59, but 

no studies have provided further evidence for this. In humans, IKur is formed by the Kv1.5 channel 

(encoded by the KCNA5 gene). There is no zebrafish ortholog of KCNA5 annotated. 

IKr 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).71 

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).46,72,73 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.45,74,75

In humans, IKs is formed by the Kv7.1 or KvLQT1 channel (encoded by the KCNQ1 gene). 

Zebrafish have cardiac IKs and express the Kv7.1 channel (encoded by the kcnq1 gene) both in the 

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

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

a functional relevance of the channel and of IKs
 in zebrafish.76

Current Organism α-Subunit Gene Expression

INa
Human
Zebrafish

Nav1.5
Nav1.5a/b62

SCN5A
scn5Laa/ab (scn12aa/ab)62

Atrium and ventricle
Atrium and ventricle62

ICa,L
Human
Zebrafish

Cav1.2
Cav1.2, Cav1.3a/b67,68

CACNA1C
cacna1c, cacna1da/b67,68

Atrium and ventricle
Atrium and ventricle67,68

ICa,T
Human
Zebrafish

Cav3.2
unknown

CACNA1H
unknown

Fetal heart and SAN
Atrium and ventricle69

Ito
Human
Zebrafish

Kv1.4, Kv4.2, Kv4.3
unknown

KCNA4, KCND2, KCND3
unknown

Atrium and ventricle
unknown

IK1
Human
Zebrafish

Kir2.1-Kir2.3
Kir2.2a, Kir2.477

KCNJ2, KCNJ12, KCNJ4
kcnj12a77 kcnj1477

Atrium and ventricle
Atrium77 
Atrium and ventricle77

IKr
Human
Zebrafish

Kv11.1 (hERG)
Kv11.2 (zERG-3)71

KCNH2
kcnh6a71

Atrium and ventricle
Atrium and ventricle71

IKs
Human
Zebrafish

Kv7.1 (KvLQT1)
Kv7.176

KCNQ1
kcnq176

Atrium and ventricle
Atrium and ventricle76

IKur
Human
Zebrafish

Kv1.5
unknown

KCNA5
unknown

Atrium
unknown

IK,ACh
Human
Zebrafish

Kir3.1, Kir3.4
Kir3.1, Kir3.478

KCNJ3, KCNJ5
Kcnj3a, kcnj578

Atrium, SA node
Atrium, SA node78

If
Human
Zebrafish

HCN4
Hcn456,61

HCN4
hcn456,61

SA-node
SA-node56,61

Table 1. A comparison of ion channels in the adult human and zebrafish heart channels
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1 There is a robust background IK1 present in atrial and ventricular cardiomyocytes of adult 

zebrafish (phase 4), and like in humans, the density of IK1 is markedly higher in the atrium than the 

ventricle. But while human IK1 is produced by Kir2.1, Kir2.2 and Kir2.3 channels (encoded by the 

KCNJ2, KCNJ12 and KCNJ4 gene), zebrafish IK1 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).77 

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

increases in response to carbachol, an agonist of IK,Ach. Like humans, this response is only visible in 

atrial, but not in ventricular zebrafish cardiomyocytes.45,78 The human channel responsible for IK,Ach 

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).78

Excitation-contraction coupling in the zebrafish
In comparison to human cardiomyocytes, zebrafish cardiomyocytes show some important 

differences in Ca2+ handling. Zebrafish cardiomyocytes for example lack transverse tubules and the 

SR has a lower ability to store and release Ca2+. Crucially, this might make zebrafish cardiomyocytes 

less susceptible for Ca2+ after-transients and delayed afterdepolarizations.79,80 

Regardless, many proteins that are important in human cardiac Ca2+ homeostasis have a 

functional zebrafish ortholog, indicating that many of the Ca2+ 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 Ca2+ sensitivity, resulting in the release of only a small fraction of SR 

Ca2+ content with each beat.81 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 (Pln, encoded by plna on Chr 17 and plnb 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.83 The NCX ion exchanger in humans is encoded by the SLC8A1 gene and 

in zebrafish by the slc8a1b 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.84    

Overall, zebrafish might not be ideal to study Ca2+ modulated arrhythmias, but it is a promising 

model to study the independent components that regulate Ca2+ 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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1Stimulation 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.85 In line with this, the zebrafish heart shows expression of M2-receptors 

(parasympathetic) and β-adrenoreceptors (sympathetic).85 The M2-receptors in humans in encoded 

by the CHRM2 gene, and in zebrafish by the chrm2a and chrm2b genes. The β1-adrenoreceptor is 

encoded by the ADRB1 gene in humans and by the adrb1 gene in zebrafish.86 

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 I 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 Ca2+ 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 II 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 IKAch 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 IKr and ICa,L. In 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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1 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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Abstract

Our current understanding of cardiac excitation and its coupling to contraction is largely based 

on ex vivo studies utilising fluorescent organic dyes to assess cardiac action potentials and signal 

transduction. Recent advances in optogenetic sensors open exciting new possibilities for cardiac 

research and allow us to answer research questions that cannot be addressed using the classic 

organic dyes. Especially thrilling is the possibility to use optogenetic sensors to record parameters 

of cardiac excitation and contraction in vivo. In addition, optogenetics provide a high spatial 

resolution, as sensors can be coupled to motifs and targeted to specific cell types and subcellular 

domains of the heart. In this review, we will give a comprehensive overview of relevant optogenetic 

sensors, how they can be utilised in cardiac research and how they have been applied in cardiac 

research up to now.

Keywords: Physiology, calcium cycling/excitation–contraction coupling, ion channels/membrane 

transport, cell signalling/signal transduction
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Introduction

In recent years, the term optogenetics has become synonymous with research that applies 

channelrhodopsins to trigger depolarisation of cells by exposure to blue light. This is, however, 

a rather narrow definition that disregards the broad range of possibilities that arises from 

combining genetic strategies with optical techniques. In this review, we will conform to the wider 

definition suggested by Gero Miesenböck that optogenetics “combines genetic engineering with 

optics to observe and control the function of genetically targeted groups of cells with light”.1 

While already widely used in neuroscience2,3, optogenetic methods are now slowly finding their 

way to cardiac physiology laboratories. In our view, optogenetics has the potential to resolve 

cardiac physiology in a so far unprecedented way. Cardiac applications of optogenetic actuators 

such as channelrhodopsin have been covered by several recent reviews.4-6 Here, we will review 

optogenetic sensors that are particularly relevant to the cardiac field, studies that have applied 

optogenetics in the heart, and outline some of the research questions that can be addressed using 

optogenetic probes and sensors.

1. The unique potential of cardiac optogenetics

Our understanding of cardiac physiology owes much to the development of fluorescent organic 

dyes that allow the study of intracellular ions (e.g., Ca2+, Mg2+, Na+), transmembrane potential or 

pH using light microscopy. This optic approach has major advantages over ion-sensitive electrodes 

that were used before availability of these dyes. It became possible to study many regions of a 

specimen concurrently without impalement of individual cells and it enabled studies of subcellular 

mechanisms, including the spatial and temporal resolution of calcium sparks or mitochondrial 

membrane potential changes, which is impossible with available microelectrodes.

While organic dyes are powerful tools, application of these dyes has practical limits, some of 

which can be mitigated using an optogenetic approach instead. The main obstacle of using organic 

dyes is that the experiment can be done only once. After staining a specimen with a dye, the dye 

will diffuse within the tissue, accumulate in intracellular vesicles or is lost in another way. This 

results in a decreased specificity of the fluorescent signal, meaning that the staining will typically 

have to be repeated on a new specimen.

As an additional obstacle, organic dyes can only be used on isolated hearts or isolated 

cardiomyocytes and are not suitable for in vivo studies. Clearly, in vivo experiments will provide a 

better understanding of the complex physiology of the heart and the way it functions within the 

context of the whole body. Also, minimally invasive in vivo experiments may be repeated over time 

using the same animals, giving the study a greater power to discriminate between experimental 

groups.

By employing optogenetic sensors and expressing them in the heart, serial in vivo investigation 
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of cardiac parameters such as intracellular calcium, pH or membrane potential is conceivable. 

Moreover, by utilising specific targeting motifs, sensors or actuators can be designed to mark 

subcellular domains and functions in specific cell types in the heart. Protein targeting motifs for 

the sarcoplasmic reticulum, plasma membrane, cytoplasm, lysosomes, nucleus, transverse tubule 

and mitochondrion are readily available. An overview of available cell-specific promoters and 

compartment-specific motifs can be found in Figure 1.

A clear advantage for the application of optogenetic tools in neuroscience is the lack of gross 

movements of the brain, opposed to the continuous cardiac cycle that complicates conventional 

imaging approaches in cardiac physiology. Some possible solutions to this technical challenge will 

be discussed in later sections of this review.

2. The building plan of optogenetic sensors

Optogenetic sensors are generally composed of a sensing domain linked to one or more 

fluorescent proteins (FPs). The sensing domain can be activated by the parameter of interest, 

Atrial cardiomyocytes
MYL7, TBX5, NR2F2, 
FGF12, NPPA 

Ventricular cardiomyocytes
MYL2, HEY2, IRX4

Conduction system
ID2, GJA5

Mitochondrion
Cox8 fragment

Nucleus
PKKKRKV

Plasma membrane
KSRITSEGEYIPLDQIDINV

Sarcoplasmic reticulum
KDEL

Transverse tubule
fusion with triadin1 or junctin

Nuclear export (cytosol)
DIDELALKFAGLDL

Cardiac progenitor cells
(ISL1), (KIT), (Ly6a*)

Sinus node
ISL1, HCN4

Figure 1. Motifs to target specific cardiac cells or cell organelles. (A) Overview of genes that are higher expressed 

in subareas of the heart and can be used to target specific cells.64 The red region indicates atrial cells, the blue 

region ventricular cells. Genes from cardiac progenitor cells are between brackets, since it is unclear if they are 

indeed progenitor cell specific. Gene names can differ between species and gene expression may be dependent on 

developmental stage and specie. *Ly6a is only found in the mouse. (B) Overview of motifs that can be used to target 

specific locations within the cell. 



Cardiac optogenetics: using light to monitor cardiac phsyiology 

37

2

causing a conformational change. This in turn affects the optical properties of the FPs, either 

through altering the fluorescence quantum yield (brightness) of a single FP or by giving rise to 

changes in Förster resonance energy transfer (FRET) efficacy between two FPs.

This general building plan of optogenetic sensors offers great flexibility and allows numerous 

sensor compositions. Sensing domains are often based on fragments of endogenous proteins 

that interact with or respond to the parameter of interest. By altering the sensing domain, its 

specificity or binding kinetics can be tuned to match the scientific question. Recent advances have 

increased the number of FPs and the colours that can be used. This has for instance resulted in 

multiple calcium sensors with different colours7 and in FPs that provide sensors with stronger 

FRET responses.8 Detailed discussion of the structural composition of optogenetic sensors and 

actuators is beyond the scope of this review, for such information we refer the reader to recent 

excellent reviews on that topic.9,10

3. Optogenetic sensors for cardiac research

An overview of the sensors that will be discussed in this section is given in Figure 2 and Table 1.

3.1. Optogenetic sensors that detect ions
Calcium sensors. Calcium signalling is imperative for cardiomyocyte function and the optogenetic 

detection of calcium can provide valuable information in cardiac studies. Genetically encoded 

calcium sensors (GECIs) have improved dramatically in the last 5 years, to the point where they are 

approaching or exceeding traditional organic dyes in terms of signal-to-noise ratios.11 It is therefore 

not surprising that calcium sensors have already made their way into cardiac research. However, 

some organic dyes still have faster Ca2+ binding and unbinding kinetics, something that has to be 

taken into account when designing experiments. Existing GEVIs include the non-ratiometric CaMP 

sensors (e.g., GCaMP and RCaMP) and the ratiometric sensors such as cameleon, Twitch and TN-

XL.

Excitation–contraction coupling in cardiomyocytes, and thus calcium signalling, is an essential 

process in cardiac contractility and is strongly influenced by the sympathetic nervous system. 

However, this interaction is difficult to approach experimentally as it ideally requires an in vivo 

approach. Tallini et al.12 demonstrated that expression of the optogenetic calcium sensor GCaMP2 

in the mouse heart allows the in situ recording of cardiomyocyte calcium transients. In subsequent 

work of the same group GCaMP2 has been targeted to endothelial cells to study the in vivo relation 

between acetylcholine-induced calcium waves in endothelial cells and the subsequent dilation 

of arterioles.13 Expression of GCaMP2 was also evident in the cardiac Purkinje fibres, enabling 

recordings of calcium transients selectively in this cell type. A caveat to the use of GCaMP is the 

apparent induction of hypertrophy as a result of calmodulin motif overexpression12, but this can 

be avoided by an inducible expression system.
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Another challenge in cardiac research is the analysis of stem cell functionality after 

transplantation into the heart. Recently, Shiba et al. expressed GCaMP3 in human embryonic stem 

Figure 2. Overview of cardiac optogenetic sensor designs. (A–C) each give an overview of a group of sensors that 

are relevant for cardiac research. For each sensor its mode of action is schematically visualised. Fluorescent proteins 

are depicted as coloured barrels, proteins or protein domains as white barrels. Coloured arrows indicate excitation/

emission wavelengths. (A) Overview of optogenetic ion sensors. These sensors are based on proteins that can sense 

and bind the ion of interest with a high affinity. Upon binding, a conformational change occurs within the sensor, 

inducing or diminishing fluorescence or FRET.3,8,65-76 (B) Overview of optogenetic signal transduction sensors. These 

sensors consist of proteins or substrates that can bind the signalling molecule of interest. In case of a substrate, 

binding will result in activation or deactivation of the substrate. Ultimately, a conformational change of the sensor 

will induce or diminish fluorescence or FRET.32-34,36,77-79 (C) Overview of optogenetic voltage sensors. VSD-based 

sensors are composed of a voltage-sensing transmembrane protein linked to either a single fluorescent protein 

or to a FRET fluorescent protein pair. When the membrane charges, the VSD displaces, giving rise to a fluorescent 

response.53,54,57,59 Opsin-based voltage sensors are based on microbial rhodopsin proton pumps and fluorescence is 

induced via a voltage-dependent shift in the acid–base equilibrium of the retinal Schiff base located in the proton 

pump.60-62 
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cell-derived cardiomyocytes (SDCs) to evaluate their survival after transplantation into guinea pig 

hearts.14 Calcium signals that were detected, demonstrated that the SDCs survived transplantation 

and displayed calcium transients that were synchronised with the surrounding native myocardium.

Detection of calcium signals at specific subcellular domains in cardiomyocytes such as the 

dyadic space between T-tubules and the sarcoplasmic reticulum is challenging. Calcium sparks 

occurring at the dyad are fundamental to excitation–contraction coupling, while whole cell calcium 

transients are the summation of many nearly simultaneous calcium sparks. The calcium spark has 

been studied intensively, but mainly as spontaneous events happening in resting cardiomyocytes. 

This limitation is the result of the inability to resolve calcium sparks (small amplitude), or the 

dyadic space from the rest of the cytoplasm during whole cell calcium transients (large amplitude). 

However, in a recent publication, Shang et al. demonstrate that dyadic calcium imaging is feasible 

in rat cardiomyocytes by targeting a GCaMP6 variant to the dyadic space.15 This approach resulted 

in an approximately 50x better spatial specificity compared to organic dyes, high contrast and 

importantly, the ability to study dyadic calcium signalling during the whole excitation–contraction 

cycle. Another example of targeted calcium sensor was the use of D1ER, a SR targeted version of 

Cameleon, in neonatal rat cardiomyocytes. Using this approach, the authors demonstrated the 

role of AKAP18∂ in the regulation of PKA-mediated phosphorylation of phospholamban.

With the possibility to target calcium sensors to specific domains, availability of sensors with 

different emission wavelengths becomes important. For example dyadic calcium imaging using 

a targeted green GCaMP6 sensor could be combined with expression of a red calcium sensor 

targeted to the sarcoplasmic reticulum or cytoplasm to reveal interaction between compartments. 

Recently, GECIs with blue, orange or red emission have become available.7,16-18 Particularly, the 

red sensors have attracted attention, as they have the advantage that they can be combined 

with channelrhodopsins, allowing light-induced pacing with blue light and simultaneous study of 

calcium signalling with green excitation light and red emission.16 No studies have been published 

yet that employ red calcium sensors in the heart, but ongoing work in our laboratory has shown 

that cardiac calcium transients can be well resolved in transfected neonatal rat cardiomyocytes 

with these sensors (RCaMP1h, R-GECO1, R-CaMP1.07 and R-CaMP2).

The strength of calcium sensors that are derived from GCaMP is the relatively high signal-to-

noise ratio. However, these sensors are not ratiometric since they contain only one fluorescent 

protein, in contrast to FRET sensors (e.g., cameleon, Twitch or TN-XL). Especially in the heart, it 

is important to take this into consideration when selecting a sensor, as ratiometric approaches 

provide a way to deal with cardiac contraction artefacts that otherwise confound results. 

Unfortunately, responses of FRET sensor are much smaller in amplitude than those of GCaMP 

type sensors (typically max. 15%), which make it more challenging to resolve the optical Ca2+ 

signals. Currently, an interesting hybrid is being developed by fusion of GCaMP3 with the calcium-

insensitive FP mCherry.19 The resulting sensor (GCaMP-GR) promises an optimal combination of 

a high signal-to-noise single emission sensor with the possibility to correct for movement-related 

florescence signals. However, application in the heart has not been demonstrated yet. Recently 
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developed single emission sensors based on CFP variants and reporting PKA activity, membrane 

voltage or calcium20,21 may also be combined with, e.g., yellow or green FPs to yield a dual emission 

sensor with high signal-to-noise ratio.

In conclusion, the toolkit available for studying cardiac calcium handling has greatly advanced, 

enabling in situ studies of important physiologic calcium processes (i.e., sympathetic influence on 

the heart), experimental processes (i.e., stem cell transplant functionality) and of calcium handling 

within cellular compartments. In addition, it is possible to measure different compartments 

simultaneously by employing differently coloured sensors.

Sensors to detect other ions. Compared to the recent rapid development of GEVIs with improved 

performance, there are fewer well performing genetically encoded indicators for optogenetic 

detection of other ions. To our knowledge, there is no sensor available for sodium ions, even 

though such a sensor would be very interesting given the direct interaction between sodium 

and other ions (including calcium) via the various sodium co-transporters (Na+/Ca2+, Na+/H+, Na+/

HCO3
−) and the often increased sodium ion concentration in remodelling cardiomyocytes.22-24

Chloride ions can be detected using various optogenetic sensors, which are used in 

neuroscience given the important role of chloride ions in neuronal excitability.25 In the heart 

chloride ions may also play a role in cardiac osmotic balance, excitability and remodelling26, but 

their role for now remains elusive.

Magnesium ions influence heart rhythm via potassium and calcium ion channels, and are also 

relevant in cardiac disease and treatment.27 Using MagFRET to study intracellular Mg2+ in the heart 

may enhance our insight in the ion’s role in normal physiology and cardiac disease.

Other ions that can be detected using optogenetic sensors include Zn2+ and Cu2+, which is 

interesting since both ions are implicated in cardiac disease.28 However, these sensors have not 

been used to study cardiomyocytes yet.

3.2. Optogenetic sensors to detect signal transduction
Remodelling of the heart during disease is associated with altered activation of several signal 

transduction pathways, e.g., CaMKII, calcineurin, cAMP/PKA and cGMP/PKG. The essence of many 

signal transduction pathways is that they transduce extracellular signals into an intracellular 

signal, allowing cardiomyocytes to respond their environment. Importantly, extracellular signals 

typically reach cardiomyocytes via the circulation, from which the heart is disconnected in most 

conventional experimental settings, meaning that signal transduction pathways are deprived of 

their physiological input. Application of optogenetic sensors to study signal transduction in vivo 

could potentially help overcome this limitation.

Calcium-sensitive pathways. Binding of calcium to calmodulin leads to activation of CaMKII 

by calmodulin. The state of CaMKII is, therefore, strongly influenced by changes in calcium 

signalling, such as induced by variations in heart rate or neurohumoral factors.29,30 Interestingly, 
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CaMKII activity can be affected by phosphorylation or oxidation. By employing the CaMKII activity 

sensor Camui and two CaMKII variants that are resistant to phosphorylation or oxidation, it was 

demonstrated that activation of CaMKII by angiotensin-II and endothelin-I largely depends on 

oxidation, while isoproterenol and phenylephrine affect CaMKII mainly through phosphorylation.29 

In vivo exploration of CaMKII regulation by application of Camui may be instrumental in improving 

our understanding of its role in cardiac remodelling and arrhythmogenesis.

After binding calcium, calmodulin can also activate calcineurin, which in turn phosphorylates 

NFAT and causes it to migrate into the nucleus where it functions as a transcription factor. 

Calcineurin is implicated in cardiac hypertrophy and failure.30 A FRET sensor to detect calcineurin 

activity has been developed and employs a fragment of NFAT.31 Applications have not extended 

to cardiac cells yet, but experiments in MIN6 β-cells have revealed strong differences between 

calcium dependence of cytoplasmic and ER calcineurin signalling32, raising the question how 

subcellular calcineurin activity is regulated in cardiomyocytes.

Given the essential interaction of CaMKII and calcineurin pathways with intracellular calcium, 

it would be interesting to simultaneous monitor CaMKII or calcineurin with calcium. Since Camui 

and CaNAR sensors are based on cyan and yellow fluorescent proteins they may be combined with 

green or red calcium sensors, though combination with green calcium sensors will require the use 

of spectral deconvolution approaches to better separate yellow and green emission.

Studying the downstream effects of cardiac innervation. Sympathetic nerve activity and 

circulating catecholamines are activators of the cardiac β-adrenergic receptor, causing intracellular 

production of cyclic AMP and PKA-mediated phosphorylation of proteins that subsequently leads 

to increased heart rate, stronger contractions and faster relaxation of the heart and shortening 

of the cardiac action potential. FRET sensors detecting cAMP and cGMP have been used to study 

cardiac adrenergic receptors and their downstream signalling, and are discussed below.

cAMP. Intracellular cAMP/PKA signalling is known to be organised into spatial microdomains.33 

Utilising a transgenic mouse expressing the cAMP sensor HCN2-camps, Nikolaev et al. were able to 

further specify the contributions of β1 and β2 adrenoceptors34: stimulation of β1 adrenoceptors 

caused a rise in cAMP throughout the cardiomyocyte, while β2 adrenoceptor stimulation 

caused only a very local increase in cAMP. In another study, the lipid raft protein caveolin-3 was 

demonstrated to be important for function of β2 adrenergic receptors, by confining β2-AR to the 

T-tubules it ensures cAMP production upon β2-AR stimulation.35

Faster relaxation of the heart upon sympathetic stimulation is the result of enhanced SERCA 

activity, which pumps Ca2+ from the cytoplasm into the sarcoplasmatic reticulum. By targeting 

Epac1 to SERCA2a through fusion of the sensor with full length phospholamban (PLN), Sprenger 

et al. were able to demonstrate that SERCA2a and β1-adrenoreceptors communicate via a 

microdomain that is defined by phosphodiesterase 4 (PDE4) activity.36 Interestingly, transverse 

aortic constriction disturbed the communication between the β1-adrenoceptor and SERCA2a 
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because PDE4 localisation was disturbed, leading to overflow of cAMP beyond the microdomain.

Linking membrane potential to intracellular signalling, a recent study demonstrated that 

enhancing late Na+ current in atrial cardiomyocytes induces cAMP production by triggering 

adenylyl cyclase activity through a Ca2+-dependent mechanism37, giving insight in a proarrhythmic 

mechanism that could not have been revealed without an optogenetic sensor.

cGMP. Cardiac remodelling in disease often involves multiple organ systems interacting via 

circulating hormones, for example the atrial natriuretic factor (ANF) which is released by the 

atria in response to volume overload.38 In cardiomyocytes, ANF triggers a cGMP-mediated anti-

hypertrophic pathway.39 cGMP levels can be estimated by measuring cyclic nucleotide gated ion 

currents, but this approach will only report on subsarcolemmal cGMP levels, and is not feasible in 

vivo as it requires patch clamp electrophysiology.

In their recent study, Götz et al. employed a transgenic mouse expressing the genetically 

encoded cGMP sensor red cGES-DE5 to provide a first insight in cGMP signalling in intact adult 

cardiomyocytes.40 Basal levels of cGMP are very low in cardiomyocytes (about 10 nM) and can 

be strongly stimulated by C-type natriuretic peptide and ANF. The resting levels are mostly 

determined by cGMP generation by NO-sensitive guanylyl cyclases and cGMP degradation by 

PDE3. After giving the mice a hypertrophic stimulus (mild aortic constriction), PDE5 activity had a 

greater effect on cGMP levels. Targeting of cGMP sensors to the plasma membrane may give more 

insight in the importance of particulate versus NO-sensitive GCs.

Concluding, optogenetic cGMP sensors can give novel insights in this important 

pathophysiological signalling pathway, potentially also in in vivo experiments.

PKA activity. Changed cAMP levels influence the activity of PKA, altering ion channel 

phosphorylation and function, which is an important mechanism by which the sympathetic nerve 

system increases heart rate when needed. Direct confirmation of this important mechanism 

was provided in a recent study using the PKA activity sensor AKAR3.41 The authors found that 

interventions that increase cAMP levels in sinoatrial node cardiomyocytes cause increased PKA 

activity, and that the kinetics and magnitude of the PKA activation underlie increases in beating 

rate.

Using a variant of AKAR3 fused to phospholamban, SR-AKAR3, Liu et al. investigated β-adrenergic 

regulation of PKA activity at the SR. Interestingly, the authors found that β-adrenoceptor 

stimulation with isoproterenol had stronger effects on PKA activity than forskolin or 8-bromo-

cAMP, both in neonatal and adult cardiomyocytes33, suggesting highly localised signalling between 

the receptor and the SR.

3.3 Optogenetic sensors to detect membrane potential
Like calcium sensors, genetically encoded sensors of membrane potential or GEVIs (genetically 

encoded voltage indicators) have improved greatly during recent years. The key work in this field 
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was mainly motivated by the use in neuroscience. Application of GEVIs in the cardiac field started 

soon afterwards but remained limited to a few studies.42,43 Existing GEVIs fall into two main classes. 

One class is based on the bacterial rhodopsin to detect changes in voltage, while the second class 

relies on a voltage-sensing domain (VSD) derived from voltage-sensing proteins. The fluorescent 

component of GEVIs often consists of single GFP or the CFP-YFP FRET pair, but other colours have 

also been reported. An overview of current GEVIs with their main characteristics can be found in 

Table 1 and in Antic et al.44

Clinically used drugs can trigger serious undesirable actions, with one of the most life-

threatening responses being cardiac arrhythmias. Many pro-arrhythmic drugs affect the heart 

directly, but may also influence the heart indirectly through the autonomic nervous system 

or by activating other physiological mechanisms. Therefore, an in vivo approach is required to 

gain insight in the full effects that pro-arrhythmic drugs may have on cardiac function. In 2010, 

Tsutsui et al. reported a novel transgenic zebrafish line with myocardial Mermaid expression, a 

ratiometric GEVI, in which they were able to measure physiological membrane voltage dynamics 

in unanesthetized and unrestrained zebrafish embryos. To test the effect of hERG inhibitors on 

cardiac electrophysiology, embryos were treated with Astemizole. Severe cardiac abnormalities 

were observed, including a complete absence of ventricular contraction. When performing voltage 

imaging, it was found that electrical activation first appeared near the atrium–ventricle border and 

then propagated backward into the atrium, demonstrating in a detailed spatiotemporal manner 

how cardiac conduction was altered.45 Models like the Mermaid zebrafish could, thus, provide 

important new cardiac drug-testing tools.

In addition to their use in drug testing, GEVIs offer the unique possibility to gain more insight 

into (patho)physiological mechanisms of cardiac conduction, both in the developing and adult 

heart. Recently, Chang-Liao et al. established a stable-transgenic VSFP2.3 mouse model with 

cardiac specific expression. In vitro experiments on isolated cardiomyocytes and Langendorff-

perfused hearts confirmed that sensor recordings reflected cardiac physiology. To record in vivo 

action potentials, a minimally invasive fibre optic imaging was developed, in which optical fibres 

were connected to two high-speed cameras. FRET signals where measured in sedated mice 

treated without and with blebbistatin, which uncouples excitation and contraction. Interestingly, 

clear and corresponding signals were identified in both groups indicating that this approach is 

suitable to study cardiac conduction in the presence of normal contraction and blood perfusion.42

Ongoing work in our laboratory demonstrates that VSFP2.3 and the newer VSFP-Butterfly CY 

can also successfully be expressed and analysed in zebrafish hearts (unpublished data).

The Mermaid zebrafish line and the VSFP2.3 mouse line demonstrate an important proof of 

principle and provide evidence for the high potential of GEVIs in cardiac research. In contrast to 

GECIs that have been developed to a stage where fundamental improvements in performance are 

neither likely nor required for most experimental designs, development of GEVIs is still in a very 

active phase. To resolve action potentials, ideal membrane potential sensors have to generate 

robust signals on a millisecond timescale and have optimal targeting to the plasma membrane. 
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The latest sensors, with improved signal-to-noise ratio and improved kinetics, include VSFP-

Butterfly, ASAP1, VSFP-CR, ArchLight, FlicR1 and the FRET-based Arch, Mac and Ace opsins QuasAr 

eFRET, MacQ eFRET and Ace2N-mNeon (also see Table 1). All are viable candidates for the use in 

cardiac experiments.

4. In vivo cardiac imaging: challenges and potential solutions

Application of optogenetic sensors in in vitro experiments has already yielded insights that could 

not have been obtained otherwise. Yet, moving towards using optogenetic sensors in vivo is 

even more exciting as it will allow us to study cardiac remodelling in the most realistic setting: 

as an interaction between heart, brain and kidneys. Ideally, application of optogenetic sensors is 

combined with optogenetic actuators to, e.g., pace the heart at specific locations, or influence 

protein–protein interactions.4-6,46,47 Successful use of optogenetic sensors in vivo requires novel 

approaches in imaging to deal with the continuous movement and contraction of the heart (see 

figure 3).

4.1. Compensating for myocardial contraction using ratiometric imaging
A tried and tested technique of dealing with cardiac contraction that works well ex vivo is to 

use ratiometric imaging. In this approach, fluorescent indicators are used that report on the 

physiological parameter of interest by emitting fluorescence at two wavelengths. Since movement 

and contractions will affect the fluorescence output equally at the two wavelengths the ratio of the 

fluorescence intensities at the two wavelengths is therefore, at least theoretically, independent 

of movement/contraction related indicator signal components. This “rationing” approach is 

challenging in terms of optical instrumentation since it requires simultaneous imaging at two 

wavelengths.

Classical examples include FRET dyes like Fura-2 or indo-1, but ratiometric imaging can also be 

applied to optogenetic sensors, like the FRET sensors Twitch, TN-XL or VSFP2.3. A very interesting 

approach is to directly fuse a high signal-to-noise optogenetic sensor to a non-sensing fluorescent 

protein with a different emission wavelength, such as GCaMP-GR.19

4.2. Optical fibers
During the cardiac cycle, the heart contracts but also rotates, making registration of the site of 

recording very challenging, even during an ex vivo, Langendorff-perfused experiment. Several labs 

have used optical fibres to locally record fluorescent emission of dyes or optogenetic sensors. The 

key benefit of such fibres is their flexibility and small sizes (down to 100 µm or less). Making use 

of the flexibility of small fibres, our group recently made recordings of calcium transients in vivo, 

without opening the thorax.48 By inserting a 250 µm optical fibre through the carotid artery, it was 

possible to advance the fibre into the left ventricle and record endocardial calcium transients from 
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transgenic mice overexpressing GCaMP3.

4.3. Immobilisation of the heart
Studies that are not limited by opening of the thorax can benefit from the approaches developed 

to stabilise the heart in situ. 49-51 The principle of their device is very similar to that of the Octopus 

heart stabiliser used for human cardiac surgery. Attaching a rigid ring to the heart, either using 

adhesives or a gentle vacuum, contraction and movement of a small region of the heart is 

minimised, enabling imaging in living animals. The mechanical stabilisation is combined with 

electrocardiogram-based triggering, i.e., images are acquired during a selected phase of the 

cardiac cycle in which the tissue is most stable. While this approach has great potential for in vivo 

physiology, it is probably not suited for lengthy data acquisition as the tissue may be damaged by 

prolonged stabilisation.

4.4. Using photoconvertible optogenetic sensors as intrinsic landmarks to track tissue 
movement.
Dealing with the continuous movement of the heart remains a big challenge, despite the available 

techniques mentioned above. Especially tracking of a region of interest throughout the cardiac 

cycle is problematic, the vasculature of the heart can be used as a set of landmarks, but still 

it is difficult to follow regions. To solve this, extrinsic landmarks can be applied, for instance by 

injecting black ink into the myocardium, or spraying paint on the heart.

The advent of photoconvertible and photoactivatable calcium sensors enables an attractive 

alternative approach.52 The photoconvertible sensors GR-GECO1.1 and GR-GECO1.2 can be 

Stabilize tissueFiber imaging

PhotoconversionRatiometric sensor

A B

C D

Figure 3. Solutions for cardiac movement artefacts. Solutions for cardiac movement artefacts. (A) Optical fibres 

are flexible and small, thus allowing the local recording of fluorescence even when movement occurs. The fibre 

ending is directly positioned against the cardiac tissue. (B) When studies are not limited by opening of the thorax, 

physical immobilisation of cardiac tissue can be achieved by attaching a rigid ring and applying a gentle vacuum. (C) 

Ratiometric imaging allows compensation of contraction related increases in fluorescence intensity, since it affects 

the intensities of both the donor and acceptor fluorophore the same. (D) Photoconversion can be used to convert 

specific cardiac regions and track these during contraction
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converted from a green emission calcium sensor into a green and red emission calcium sensor 

by exposure to ~400 nm light. Similarly, the photoactivatable sPA-GCaMP6 emits very little green 

light, until it is activated by ~400 nm light, after which it will emit green light to report cytoplasmic 

calcium concentration. Using such sensors, it would be possible to create intrinsic landmarks 

within the myocardium, which could be very small, down to the size of a single cardiomyocyte. 

But also for larger regions that have been converted into a landmark, this approach has several 

benefits. As the shape of the landmark that has been created is known, tracking movement of that 

specific region is simplified as one only needs to track the boundaries or pattern of the landmark 

region. Using this information, it should also be possible to use deformation of the boundaries 

during contraction to correct for contraction artefacts.

Conclusion
Application of optogenetic sensors in cardiac research has only just started. The results from 

the first studies are exciting, and have provided insights that could not have been obtained by 

conducting experiments using traditional organic dyes. Especially, the ability to target optogenetic 

sensors to subcellular regions is expected to provide us with many new mechanistic insights in 

cardiomyocyte physiology.

Small steps have been made towards application of optogenetic sensors in vivo. Further 

development of this approach will require optimisation of recording strategies. Especially, the 

continuous movement and contraction of the heart provide a challenge that is not present in 

other tissues. Anticipated benefits of in vivo optogenetics are the ability to perform longitudinal 

studies in individual animals, and importantly the possibility to study cardiomyocyte physiology 

within the context of whole-body physiology.
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Abstract

Cardiac arrhythmias are among the most challenging human disorders to diagnose and treat due 

to their complex underlying pathophysiology. Suitable experimental animal models are needed to 

study the mechanisms causative for cardiac arrhythmogenesis. To enable in vivo analysis of cardiac 

cellular electrophysiology with a high spatial and temporal resolution, we generated and carefully 

validated two zebrafish models, one expressing an optogenetic voltage indicator (chimeric VSFP-

butterfly CY) and the other a genetically encoded calcium indicator (GCaMP6f) in the heart.

Methods. High-speed epifluorescence microscopy was used to image chimeric VSFP-butterfly 

CY and GCaMP6f in the embryonic zebrafish heart, providing information about the spatiotemporal 

patterning of electrical activation, action potential configuration and intracellular Ca2+ dynamics. 

Plotting VSFP or GCaMP6f signals on a line along the myocardial wall over time facilitated the 

visualization and analysis of electrical impulse propagation throughout the heart. Administration 

of drugs targeting the sympathetic nervous system or cardiac ion channels was used to validate 

sensitivity and kinetics of both zebrafish sensor lines. Using the same microscope setup, we 

imaged transparent juvenile casper fish expressing GCaMP6f, demonstrating the feasibility of 

imaging cardiac optogenetic sensors at later stages of development.

Results. Isoproterenol slightly increased heart rate, diastolic Ca2+ levels and Ca2+ transient 

amplitudes, whereas propranolol caused a profound decrease in heart rate and Ca2+ transient 

parameters in VSFP-Butterfly and GCaMP6f embryonic fish. Ikr blocker E-4031 decreased heart rate 

and increased action potential duration in VSFP-Butterfly fish. ICa,L blocker nifedipine caused total 

blockade of Ca2+ transients in GCaMP6f fish and a reduced heart rate, altered ventricular action 

potential duration and disrupted atrial-ventricular electrical conduction in VSFP-Butterfly fish. 

Imaging of juvenile animals demonstrated the possibility of employing an older zebrafish model 

for in vivo cardiac electrophysiology studies. We observed differences in atrial and ventricular Ca2+ 

recovery dynamics between 3 dpf and 14 dpf casper fish, but not in Ca2+ upstroke dynamics.

Conclusion By introducing the optogenetic sensors chimeric VSFP-butterfly CY and GCaMP6f 

into the zebrafish we successfully generated an in vivo cellular electrophysiological readout tool 

for the zebrafish heart. Complementary use of both sensor lines demonstrated the ability to 

study heart rate, cardiac action potential configuration, spatiotemporal patterning of electrical 

activation and intracellular Ca2+ homeostasis in embryonic zebrafish. In addition, we demonstrated 

the first successful use of an optogenetic sensor to study cardiac function in older zebrafish. These 

models present a promising new research tool to study the underlying mechanisms of cardiac 

arrhythmogenesis. 

Keywords: Optogenetics, zebrafish, in vivo cardiac cellular electrophysiology, chimeric VSFP-

butterfly CY, GCaMP6f.
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Introduction

Cardiac arrhythmias are among the most challenging human disorders to diagnose and treat due 

to their complex underlying pathophysiology. To fully understand arrhythmogenic mechanisms, a 

detailed examination at the multicellular level within the context of the whole body is necessary. 

While human cardiac electrophysiology has been studied for decades, experimental (animal) 

models are pivotal to study cellular processes in depth. Unfortunately, as the heart is poorly 

accessible within a closed thoracic cavity, our current knowledge of cellular electrophysiology 

is mainly based on in vitro experiments using isolated hearts or cardiomyocytes. Therefore, the 

ability to conduct in vivo research would provide us remarkable insight into the complex interplay 

of the heart and other organs to maintain homeostasis. 

	 Small rodent models, like mice and rats, are often used to analyze electrophysiological 

mechanisms of cardiac arrhythmias as they are affordable, highly available and can be genetically 

manipulated.1 However, due to their high heart rates2, small heart size, and significantly different 

action potential (AP) shape3, use (or the application) of these models is usually limited to proof-of-

principle studies that can later be extended into larger animal models.1,4 Large animal models such 

as the dog, pig, sheep and goat, have hearts that are both anatomically and physiologically more 

similar to that of a human’s. For this reason, large models are more suitable for pre-clinical studies 

to test safety and efficacy of novel therapies. However, the costs of using these animals are very 

high, the experimental procedures are complex, and there are more serious ethical concerns.1 

Furthermore, not all large-animal hearts are equally similar to the human heart, thereby reducing 

the clinical relevance of some disease models.5 Ultimately, the choice of an animal model has to 

be determined for each study separately, as it will depend on the specific research goal which 

animal is most suitable.

	 During the past few decades, the zebrafish (Danio rerio) has emerged as a powerful, cost-

efficient, and easy-to-use vertebrate model to study cardiovascular disease. Due to its optical 

accessibility, small size, genetic manipulability, rapid development, high offspring numbers, and 

the possibility of high-throughput chemical screenings, the zebrafish forms an important addition 

to the existing group of electrophysiological animal models.6 This especially holds true for the 

use in high-throughput genotype-phenotype relation studies and in vivo studies. Even though 

zebrafish hearts have two chambers, their physiology resembles the human heart in multiple 

aspects.7 Like mammals, zebrafish have functional pacemaker cells that initiate and regulate 

cardiac contraction8,9 and spontaneous heart rates. Furthermore, the relationship between QT 

interval and heart rate are reported to be comparable to those found in a human.10,11 In addition, 

zebrafish cardiac action potentials exhibit a similar shape to human action potentials, with a long 

plateau phase and substantial correspondence in ion currents.10,12-14

	 Optical mapping with fluorescent dyes has become a fundamental tool to study cardiac 

cellular electrophysiology and excitation-contraction coupling due to its high spatial and temporal 

resolution. Unfortunately, dyes are primarily optimized for in vitro experiments - for example, for 



Optogenetic sensors in the zebrafish heart: a novel in vivo electrophysiological tool

59

3

use in Langendorff perfused hearts - thereby removing the heart from its context within the body. 

In vivo experiments with dyes have been performed and are achievable15,16, but the approaches 

are usually invasive (due to required surgery or high DMSO concentrations) and lack cell type 

specificity. Optogenetic sensors form an appealing alternative, as they can be genetically targeted 

to specific subsets of cells, have low phototoxicity and can be used for in vivo (longitudinal) 

studies.17-19 Genetically encoded voltage indicators (GEVI’s) and Ca2+ indicators (GECI’s) are 

two groups of optogenetic sensors that allow the detection of membrane depolarization and 

intracellular Ca2+ dynamics respectively. To accurately reflect the short action potentials and Ca2+ 

fluxes in the heart, it is essential that optogenetic sensors have robust, high-resolution signals 

and fast kinetics. The novel voltage sensor Chimeric VSFP-butterfly CY (cyan-yellow: mCitrine/

mCerulean) has unprecedented kinetics in comparison to earlier differential dual emission 

(“FRET’’) voltage sensors like VSFP2.3 and Mermaid. Off kinetics in particular have improved vastly, 

allowing for an accurate reflection of action potential shape.20 Similarly, the Ca2+ sensor GCaMP6f 

has excellent kinetics and was the first GCaMP sensor to surpass the sensitivity and speed of the 

classic synthetic Ca2+ dyes.21

	 Here we describe a novel cardiac voltage sensor zebrafish line, chimeric VSFP-butterfly CY, 

and the validation of this voltage sensor line together with a GCaMP6f Ca2+ sensor line to study 

cellular membrane voltage and intracellular Ca2+ dynamics in the heart in a spatiotemporal 

manner. We show that both chimeric VSFP-butterfly CY and GCaMP6f accurately reflect cardiac 

electrophysiology and that parallel use of these zebrafish lines provides a powerful tool to study 

in vivo excitation-contraction coupling and cardiac arrhythmogenesis in zebrafish. In addition, we 

demonstrate for the first time the possibility to perform in vivo imaging of cardiac optogenetic 

sensors in juvenile zebrafish.

Methods

Zebrafish husbandry
Fish used in this study were housed under standard conditions as previously described.22 All 

experiments were conducted in accordance to the ethical guidelines and approved by the local 

ethics committee at the Royal Dutch Academy of Sciences (KNAW). 

Development of transgenic zebrafish
To generate the tg(myl7:chimeric VSFP-butterfly CY) line (VSFP: voltage sensitive fluorescent 

protein), we first cloned the chimeric VSFP-butterfly sequence from its original vector pCAG-

Chimeric_Butterfly_CY_1.0 (Addgene plasmid #59800) into pGEM-T easy using PCR-based cloning. 

After validation through sequencing, chimeric VSFP-butterfly was cloned into pCR8/GW/TOPO 

using EcoRI restriction. Multisite Gateway cloning was used to combine chimeric VSFP-butterfly 

CY (pME) with the cardiac-specific myl7 promoter (p5E) and a SV40 late polyA signal (p3E) into 
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the pDestTol2pA (http://tol2kit.genetics.utah.edu) destination vector. To obtain transgenic 

zebrafish, wild-type Tupfel Long fin (TL) strain zebrafish embryos were injected with 1 nL of 100 

ng/µL pDestTol2pA myl7:chimeric VSFP-butterfly CY and 24 ng/µL tol2 transposase mRNA at the 

1-cell stage. Tol2 sequences flanking the expression cassette facilitated stable genomic integration 

(Kawakami 2007). Injected embryos (F0) were screened for mCitrine and mCerulean expression in 

the heart and grown to adulthood. The adult F0 generation was outcrossed to wild-type TL strain 

zebrafish and F1 embryos were screened for bright and homogeneous mCitrine and mCerulean 

expression in the heart to generate a stable tg(myl7:chimeric-VSFP-butterfly-CY) line. 

To generate the UAS:GCaMP6f construct, ten repeats of the Upstream Activation Sequence 

(10x UAS), were placed upstream of GCaMP6f21, in the Gateway destination vector pDestTol2pA, 

using Gateway LR recombination. 12 ng/µL plasmid DNA with 40 ng/µL Tol2 transposase mRNA 

and 0.02% Phenol Red was injected into 1-cell stage embryos. An outcrossed stable UAS:GCaMP6f 

line was crossed to myl7:Gal4FF fish, and progeny was screened for GCaMP6f expression in the 

heart to identify tg(myl7:Gal4FF; UAS:GCaMP6f) fish. 

Confocal imaging 

At 24 h post-fertilization (hpf), embryos were placed in 1-phenyl-2-thiourea (PTU) to keep them 

transparent. Embryos at 3 days post-fertilization (dpf) were treated with 40 µM of 2,3-Butanedione 

2-monoxime (BDM) (Sigma-aldrich, B0753) dissolved in E3 containing 16 mg/mL Tricaine until the 

heart stopped beating. BDM was used in this experiment, since it is highly effective in blocking 

cardiac contraction, but was not used in any other experiments in this study due to its interference 

with cardiac electrophysiology. Subsequently, these embryos were embedded in 0.3% agarose 

(UltraPure agarose, Invitrogen) prepared in E3 medium containing 16 mg/mL Tricaine and a 

maintenance dose of 20 µM BDM. To establish expression patterns of chimeric VSFP-butterfly 

CY and GCaMP6f, recordings were performed at 20 °C using an inverted TCS SP8 confocal laser-

scanning microscope (Leica microsystems, Germany) and a 20x objective. Images were processed 

using ImageJ (U. S. National Institutes of Health, Bethesda, Maryland, USA).

High-speed fluorescence imaging in embryos
A morpholino (MO) oligomer targeted against tnnt2a (5’-CATGTTTGCTCTGATCTGACACGCA-3’) 

was used to uncouple contraction from excitation in embryos, thereby preventing contraction 

artifacts in our recordings of cardiac electrophysiology and Ca2+ dynamics. This ‘silent heart’ ATG 

morpholino was applied as described previously.23 At 24 hpf, embryos were placed in PTU to keep 

them transparent. Embryos at 3 dpf were embedded in 0.3% agarose prepared in E3 medium 

containing 16 mg/mL Tricaine and placed in a heated (28 °C) recording chamber. Recordings 

were performed using a custom-build upright widefield microscope (Cairn research, Kent, UK) 

equipped with a 20x 1.0 NA objective (Olympus XLUMPLFLN20X W). White LED excitation light 

was filtered using a 438/24 nm filter (Semrock FF02-438/24-25) and reflected towards the 

objective using a 458 nm dichroic mirror (Semrock FF458-Di02-25x36). Emitted fluorescence 
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was directed to an emission splitter unit (OptoSplit II ByPass Image Splitter) fitted with a 509 

nm dichroic mirror (Semrock FF509-FDi01-25x36) and 483/32 nm and 514 long-pass emission 

filters (Semrock FF01-483/32-25 and LP02-514RU-25, respectively). Images were projected on 

a high-speed camera (Andor Zyla 4.2 plus sCMOS). Recordings were performed at 100 fps, for 

1000-2000 frames. Basal parameters were recorded first. Subsequently, drug stocks were diluted 

in 28°C E3-Tricaine medium (isoproterenol hydrochloride 1, 10 or 100 µM, Sigma-Aldrich I6504; 

propranolol hydrochloride 1, 10 or 100 µM, Sigma-Aldrich P0884; E4031 100, 250, or 500 µM, 

Sigma-Aldrich M5060; nifedipine 1, 10, or 100 µM, Sigma-Aldrich N7634) and the medium was 

mixed vigorously to assure a homogeneous concentration of the drug. Embryos were incubated 

for 30 min in normal E3-Tricaine medium (Placebo experiments) or E3-Tricaine-drug mixture and 

parameters were measured again. Isoproterenol experiments were recorded in both a 25°C and 

28°C heated solution. For nifedipine washout experiments, embryos were removed from agarose 

gel and incubated 180 min in E3-Tricaine medium at 28°C. Subsequently embryos were fixed again 

in 0.3% agarose and parameters were measured for a third time. Recordings were analyzed using 

Image J and Matlab (Version R2015a, Mathworks, Natick, MA, USA). 

High-speed fluorescence imaging in PAB-treated embryos and juveniles 
14 dpf juvenile casper tg(myl7:Gal4FF; UAS:GCaMP6f) fish were embedded and imaged using 

the same approach as was employed in 3 dpf embryos. In contrast to embryos, we used para-

amino-blebbistatin (PAB), a highly soluble and non-phototoxic blebbistatin derivative, to inhibit 

contraction.24 PAB was used as an alternative, as fish cannot be raised to adulthood once injected 

with the tnnt2a morpholino due to a lack of blood flow. Fish were incubated in E3 medium 

containing 16 mg/mL Tricaine and 100 µM PAB for 15 min before embedding them in 0.3% 

agarose. To enable the comparison between embryonic and juvenile fish, we also treated 3 dpf 

casper fish with PAB instead of the tnnt2a MO. These fish were incubated in E3 medium containing 

16 mg/mL Tricaine and 75 µM PAB for 90 min before embedding them in 0.3% agarose. Recordings 

were performed at 28°C. While hearts never fully stopped beating, contraction was inhibited 

sufficiently to prevent major movement artifacts. To correct for remaining movement, we used 

the ‘Template Matching’ plugin from ImageJ. 

Statistical analysis
Statistical analysis and drawing of graphs and plots were carried out in GraphPad Prism (version 6 

for Mac OS X, GraphPad Software, San Diego California USA). Differences between two groups were 

analyzed using the paired Student’s t-test, and comparisons between experimental groups were 

analyzed by one-way ANOVA for non-parametric variables with Tukey’s post-test for intergroup 

comparisons. Correlation between changes in diastolic Ca2+ levels and transient amplitude was 

analyzed using linear regression. All data is presented as mean±SEM, and p<0.05 was considered 

significant. * p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001, n.s. p>0.05. N denotes the number 

of fish used per dataset.
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Results

Expression of chimeric VSFP-butterfly CY and GCaMP6f in the zebrafish heart
We generated a transgenic zebrafish line expressing the voltage-sensitive fluorescent protein 

(VSFP) chimeric VSFP-butterfly CY (cyan-yellow: mCitrine/mCerulean), and placed it under the 

control of the cardiac-specific myl7 promoter to generate the tg(myl7:chimeric VSFP-butterfly CY) 
line, referred to as VSFP-butterfly fish (Figure 1A). Fish expressing the sensor developed normally 

and high magnification in vivo confocal images of embryonic zebrafish hearts expressing chimeric 

VSFP-butterfly at 3 days post-fertilization (dpf) showed correct localization of the sensor to the 

plasma membrane, with very little cytosolic fluorescence (Figure 1B). In parallel, we generated 

a transgenic zebrafish line expressing GCaMP6f under the control of the cardiac-specific myl7 
promoter and the Gal4-UAS system: tg(myl7:Gal4FF; UAS:GCaMP6f), referred to as GCaMP6f fish 

(Figure 1C). Fish expressing this sensor also developed normally and in vivo- confocal images of 3 

dpf embryonic zebrafish hearts expressing GCaMP6f showed correct localization of the sensor to 

the cytosol, with very little nuclear fluorescence (Figure 1D).

VSFP-butterfly and GCaMP6f report voltage and Ca2+ dynamics in the embryonic zebrafish heart
To study in vivo spatiotemporal patterning of electrical activity in 3 dpf embryonic VSFP-butterfly 

zebrafish hearts, we used high-speed widefield epifluorescence microscopy (Figure 2A). Fish 

were injected with an antisense morpholino oligomer (MO) against tnnt2a at the one-cell stage 

to stop cardiac contractions and to avoid motion artifacts during imaging. Individual analysis 

of the mCitrine and mCerulean channels demonstrated a decrease in mCerulean signal and a 

simultaneous increase in mCitrine signal with every consecutive membrane depolarization, 

signifying an increase in FRET efficacy during membrane depolarization (Figure 2B and Movie 

S1). Ratiometric processing of the mCitrine and mCerulean channels provided spatial information 

about action potential (AP) configuration and propagation across the whole heart. Characteristics 

that could be extracted from our analysis were: heart rate (interval between action potentials) 

and repolarization parameters (action potential duration (APD) as measured from the start of 

the upstroke, in which APD10
 indicates 10% of the APD, APD20 20%, APD50 50% and APD90 90%) 

(Figure 2C). We obtained a clear depiction of electrical impulse propagation throughout the heart 

by plotting ratiometric signals along a trajectory defined by the myocardial wall as a line versus 

time (analogous to the line scan approach). APs that originated in the atrium demonstrated a 

small delay at the AV canal and then rapidly spread throughout the ventricle. These line plots also 

revealed a difference in AP duration between the atrium and ventricle, and provided information 

about the regularity of the activation intervals (Figure 2D). 

The same high-speed widefield epifluorescence imaging setup and analysis procedure was 

used to obtain detailed information of in vivo cytosolic Ca2+ dynamics in 3 dpf embryonic GCaMP6f 

zebrafish hearts (Movie S2). Analysis of GCaMP6f (cpEGFP) signal intensity over time allowed 

examination of diastolic Ca2+ levels, the speed of intracellular Ca2+ release and reuptake/clearance 
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as well as maximal Ca2+ amplitudes (Figure 2C). Individual analysis of the atrial and ventricular 

myocardium demonstrated differences in Ca2+ dynamics along the heart tube such as a faster 

Ca2+ release in the atrium as reflected by the steeper upstroke phase (Figure 2C). We obtained a 

clear depiction of Ca2+ propagation over the zebrafish heart by plotting fluorescence signals of the 

myocardial wall as a line versus time. These line plots clearly showed that (like voltage signals) Ca2+ 

release starts in the atrium, has a slight delay in the AV-canal and then rapidly spreads throughout 

the ventricle (Figure 2E). 
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Figure 1. Development of voltage- and Ca2+-reporting zebrafish lines. (A) DNA construct and concept of the 

sensing mechanism of chimeric VSFP-butterfly CY. Chimeric VSFP-butterfly CY was placed under control of the 

myl7 promoter to restrict its expression to the heart. The sensor consists of a voltage sensitive domain with 

transmembrane segments S1-S4, sandwiched between a fluorescence resonance energy transfer (FRET) pair of the 

fluorescent proteins mCitrine and mCerulean. Movement of S4 upon membrane depolarization translates into a 

change of FRET efficiency. (B) 3D projection of a confocal image of a 3 dpf zebrafish tg(myl7:chimeric VSFP-butterfly 
CY) heart. Only the mCitrine channel is displayed. Insert shows a magnification of the selected ventricular area; 

arrowheads highlight the membrane targeting of chimeric VSFP-butterfly CY. (C) DNA construct and sensor dynamics 

of GCaMP6f. GCaMP6f was placed under the control of the myl7 promoter to restrict its expression to the heart. 

The Gal4FF-UAS system amplifies its expression. GCaMP6f consists of a circularly permutated enhanced green 

fluorescence protein (cpEGFP) fused to calmodulin (CaM) and the M13 peptide. When intracellular Ca2+ rises, CaM 

binds to M13, causing increased brightness of cpEGFP. (D) 3D projection of a confocal image of a 3dpf zebrafish 

tg(myl7:Gal4FF;UAS:GCaMP6f) heart. Insert shows a magnification of the selected ventricular area; arrowheads 

highlight cytosolic expression of GCaMP6f. CaM: calmodulin; EC: extracellular; IC: intracellular; pA: poly(A); PM: 

plasma membrane; tg: transgenic; UAS: upstream activation sequence.



CHAPTER 3

64

3

0.6

1.0

1.4

Atrium
Ventricle

B C

1.0

1.0

1.0

R
at

io
m

C
er

ul
ea

n
m

C
itr

in
e

mCerulean

mCitrine

A

500 ms

Atrium
Ventricle

20x

temperature sensor

heated glass plate

0.3% agarose

Water dipping
objective

stage

V

A
imaging plane

A

V

A

V

AV

G
C

aM
P6

f s
ig

na
l i

nt
en

si
ty

D E

At
riu

m
Ve

nt
ric

le
Ve

nt
ric

le R
at

io
m

et
ric

 V
SF

P 
si

gn
al

Ve
nt

ric
le

Time

Ve
nt

ric
le

28°C

sCMOS high-speed 
fluorescence camera

Image splitter unit

Dichroic mirror

LED

20x

Temperature 
controller

LED

500 ms

cpEGFP

el ci rt nev
el ci rt nev

el ci rt nev
muirt a

el ci rt nev

At
riu

m
Ve

nt
ric

le R
at

io
m

et
ric

 V
SF

Ve
nt

ric
le

At
riu

m
Ve

nt
ric

le
Ve

nt
ric

le

R
at

io
m

et
ric

 V
SF

P 
si

gn
al E

Ve
nt

ric
le

At
riu

m

G
C

aM
P6

f s
ig

na
lVe

nt
ric

le

500 ms500 ms

right lateral view 3dpf embryonic heart

50µm

50µm

A

V

A

V

Figure 2

Figure 2. In vivo recording of voltage and Ca2+ dynamics in the embryonic zebrafish heart. (A) Recordings 

were performed using a custom-built upright widefield microscope equipped with a 20x objective, LED 

excitation light, an emission splitter unit and a high-speed fluorescence camera. Embryos were embedded in 

0.3% agarose and placed in a temperature-controlled water bath. Temperature was regulated using a heated 

glass plate and a temperature sensor. A schematic depiction of the focal plane through the embryonic heart 

is visible in the right bottom frame. (B) Using the high-speed epifluorescence microscope, movies of 3 dpf 

non-contracting chimeric VSFP-butterfly CY embryonic hearts were recorded. Signal analysis demonstrated 

an increase in mCitrine (top panel) and decrease in mCerulean (bottom panel) every consecutive excitation
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VSFP-butterfly and GCaMP6f accurately report the in vivo effects of cardiac sympathetic 
intervention 
To validate the functionality and sensitivity of our VSFP-butterfly and GCaMP6f lines, we used two 

pharmacological agents to target the sympathetic sensitivity of the heart: the β-adrenergic agonist 

isoproterenol and the β-adrenergic antagonist propranolol. Placebo experiments demonstrated 

that incubation without pharmacological agents did not influence cardiac parameters (Figure S1). 

Optimal concentrations of isoproterenol and propranolol were determined via dose-response 

measurements in VSFP-butterfly fish (Figure S2A-B). β-adrenergic stimulation is known to increase 

heart rate and force of contraction by enhancing intracellular Ca2+ dynamics. Incubation with 

100 µM isoproterenol seemed to have a limited effect in both the VSFP-butterfly and GCaMP6f 

zebrafish lines at 28°C (average increase in heart rate: VSFP 7.6%, p≤0.001; GCaMP 5.4%, n.s.) 

(Figure S3). We lowered the environmental temperature from 28°C to 25°C, in order to reduce 

the sympathetic tone of the heart. This resulted in a more pronounced effect of isoproterenol 

on heart rate (average increase: VSFP 19.9%, p≤0.001; GCaMP 8.8%, p≤0.05) (Figure 3A, C) and 

Ca2+ transient amplitudes (Figure 3D-E). Isoproterenol significantly increased AP frequency (25°C: 

124.3 ± 24.2 bpm vs. 144.5 ± 22.2 bpm, p≤0.001; 28°C: 172.9 ± 22.6 bpm vs 182.2 ± 16.4 bpm, 

p≤0.001) in VSFP-butterfly embryos without affecting APD (Figure 3A-B and Figure S1A), and 

significantly increased the number of Ca2+ transients per minute (147.8 ± 24.1 vs 160.9 ± 20.9, 

p≤0.05), diastolic Ca2+ levels and Ca2+ transient amplitudes in GCaMP6f embryos at 25°C (Figure 

3C-E). In contrast, treatment with 100 µM of the β-receptor antagonist propranolol very effectively 

decreased AP frequency (197.2 ± 21.8 bpm vs 149,2 ± 26.4 bpm, p≤0.001) without affecting 

APD in chimeric VSFP-butterfly CY fish (Figure 3A-B), and significantly decreased Ca2+ transient 

frequency (185.9 ± 21 bpm – 137.5 ± 20.7 bpm, p≤0.0001), diastolic Ca2+ levels and the amplitude 

cycle, starting in the atrium and followed by the ventricle. From these signals, a ratiometric signal could be calculated 

to study action potential (AP) configuration in both chambers. The selected atrial or ventricular regions are indicated 

by square boxes superimposed on the fluorescence images. (C) Movies of 3 dpf non-contracting GCaMP6f embryonic 

hearts were recorded and signal analysis demonstrated a clear oscillatory Ca2+ signal, starting in the atrium and 

followed by the ventricle. (D-E) Line plots of both chimeric VSFP-butterfly CY and GCaMP6f signals illustrating 

electrical impulse (D) and Ca2+ propagation (E) throughout the heart. Background-corrected fluorescence intensities 

were averaged across the width of the myocardial wall and along a trajectory defined by the course of the wall. Signal 

heat maps of trajectory against time depict depolarizations of the membrane (D) or increases in intracellular Ca2+ 

(E). The chimeric VSFP-butterfly CY line plot (D) clearly shows that APs originate in the atrium, have a small delay at 

the atrioventricular canal (AVC) and then rapidly spread throughout the ventricle. White insets represent the spatial 

AP traces, visible is the longer AP duration in the ventricle as compared to the atrium, as well as the regularity of 

the activation intervals. Analysis of GCaMP6f signal intensity versus time (E) also shows a clear activation pattern 

from atrium to ventricle. White insets represent the spatial Ca2+ transients, showing a faster speed of intracellular 

Ca2+ release in the atrium versus ventricle, similar speed in Ca2+ reuptake/clearance between chambers and nice 

regularity of activation intervals. A: atrium; cpEGFP: circularly permutated enhanced green fluorescent protein; V: 

ventricle.
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Figure 3. In vivo effect of sympathetic intervention on ventricular electrophysiology and Ca2+ dynamics in 
embryonic zebrafish. 3 dpf VSFP-butterfly and GCaMP6f fish were treated for 30 min with β-adrenergic receptor 

agonist isoproterenol (100 µM) or antagonist propranolol (100 µM). Isoproterenol experiments were recorded at 

25°C to decrease sympathetic tone and propranolol experiments at 28°C. (A-B) VSFP-butterfly fish treated with 

isoproterenol (n=18) or propranolol (n=17). (A) Bar graphs demonstrating a significant increase in AP frequency 

(heart rate) after isoproterenol treatment (p≤0.001) and a decrease after propranolol treatment (p≤0.0001) (mean 

± SEM). (B) Boxplots demonstrating action potential duration (APD) parameters. No significant changes were 

found in APD10,20,50 and APD90 after treatment. Representative examples of normalized VSFP-butterfly ratiometric 

signals of the same fish before and after treatment showing the clear effect on AP frequency by isoproterenol and 

propranolol treatment, without affecting the AP configuration. (C-E) GCaMP6f fish treated with isoproterenol (n=11) 

or propranolol (n=10). (C) Bar graphs (mean ± SEM) demonstrating a significant increase in Ca2+ transient frequency 

after treatment with isoproterenol (p≤0.05) and a decrease after treatment with propranolol (p≤0.001). (D) 

Representative examples of the effect of isoproterenol and propranolol on Ca2+ transient amplitude and GCaMP6f 

signal intensity compared to baseline. Clear changes in Ca2+ transient frequency, Ca2+ transient amplitude and baseline
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of Ca2+ transients in GCaMP6f fish (Figure 3C-E). To visualize the effect of adrenergic intervention 

on intracellular Ca2+ kinetics, we plotted the change in diastolic Ca2+ levels against the change in 

Ca2+ transient amplitude in each individual fish after treatment with 100 µM isoproterenol or 

100 µM propranolol (Figure 3E). Isoproterenol treatment at 28 °C shows a strong correlation 

(R2=0.80, p=0.0004) between the diastolic Ca2+ levels and Ca2+ transient amplitude, although these 

GCaMP6f signal intensity (diastolic Ca2+ level) are visible. GCaMP6f intensity is represented as percentage change 

compared to baseline, setting the lowest value of the baseline measurement at 100%. (E) Correlation plots of the 

change in diastolic Ca2+ level versus the change in Ca2+ transient amplitude after sympathetic stimulation (p=0.02, 

R2=0.46) and sympathetic inhibition (p≤0.0001, R2=0.95), presenting significant positive correlations.
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Figure 4. In vivo effect of IKr block on cardiac electrophysiology in embryonic VSFP-butterfly CY fish. 3 dpf VSFP-

butterfly CY fish were treated for 30 min with Ikr antagonist E-4031 (500 µM; n=10). (A) Bar graphs demonstrating a 

significant decrease in AP frequency after E-4031 treatment (p≤0.05) (mean ± SEM). (B) Boxplots demonstrating APD 

parameters of the ventricle and atrium at baseline and after treatment with E-4031. A significant increase in APD20,50 

and APD90 in the ventricle and significant increase in APD50 and APD90 in the atrium was found (* p≤0.05, ** p≤0.01). 

(C) A representative example of the ratiometric AP signals recorded in the atrium and ventricle before and after 

treatment with E-4031. Clear broadening of the AP shape after treatment is visible. (D) Line plots of the ratiometric 

AP signals versus time showing a decreased AP frequency and increase of AP duration in the atrium as well as the 

ventricle. The pattern of atrial-ventricular electrical conduction seems unaffected after treatment with E-4031.



CHAPTER 3

68

3

parameters did not always increase (Figure S3B). When lowering the environmental temperature, 

isoproterenol treatment induced a clear positive correlation between diastolic Ca2+ levels and Ca2+ 

transient amplitude (R2=0.46, p=0.02). In contrast, propranolol shows a strong negative correlation 

(R2=0.95, p≤0.0001) (Figure 3E and Figure S4). 

VSFP-butterfly and GCaMP6f fish are sensitive to IKr and to LTCC blockade 
To validate whether VSFP-butterfly is sensitive enough to pick up changes in APD and AP 

morphology, we used classic pharmacological agents to target cardiac ion channels. The hERG 

channel blocker E-4031 is known to block the rapid delayed rectifier K+ channel (IKr), thereby 

decreasing K+ efflux and increasing APD. The optimal dose of E-4031 was determined via dose-

response measurements in VSFP-butterfly fish (Figure S2C). Incubation with 500 µM E-4031 

induced a significant reduction of AP frequency (181.3 ± 18.6 vs 160.4 ± 25.1 bpm, p≤0.05) in 

the zebrafish heart (Figure 4A). APD50 and APD90 were significantly increased in both the atrium 

(APD50: 72.7 ± 7.2 vs 92.7 ± 21.8 ms, p≤0.05; APD90: 95.3 ± 10.5 vs 119 ± 29.4 ms, p≤0.05) and 

the ventricle (APD50: 110.9 ± 24.8 vs 142.1 ± 36.4 ms, p≤0.01; APD90: 139.2 ± 36.1 vs 181 ± 51.6 

ms, p≤0.05), while APD20 only showed an increase in the ventricle (81.8 ± 20.2 vs 95.2 ± 26.8 

ms, p≤0.05) (Figure 4B). APD10 was unaffected in both chambers (Figure 4B). This decrease in AP 

frequency and lengthening of APD was clearly exposed when visualized by line graphs and line 

plots (Figure 4C-D).

	 The voltage-sensitive L-type Ca2+ ion channel is essential for the influx of Ca2+ after a membrane 

depolarization and for the maintenance of the AP plateau phase. The L-type Ca2+ antagonist 

nifedipine (100 µm) induced a total block of Ca2+ transients in the entire heart, which was visible 

by the complete disappearance of GCaMP6f fluorescence (Figure 5B-C). The effect of nifedipine 

on GCaMP6f signal intensity appeared to be dose dependent: 100 µM nifedipine induced a total 

Ca2+ block in 100% of the fish treated (Figure 5A-B), 10 µM nifedipine only resulted in a total Ca2+ 

block in 41.7% of embryos treated, while 1 µM was not able to induce a total block in any of the 

fish (Figure S5A-C). Nifedipine did cause a clear reduction in frequency of Ca2+ transients with 

all the different concentrations (1, 10, 100 µM: 19% (p≤0.01), 56% (p≤0.001), 100% (p≤0.0001) 

decrease, respectively) (Figure 5B and Figure S5B-C). Washout experiments were performed 

in all 3 conditions to exclude that toxicity (death of the embryos) could have been the reason 

for the disappearance of the GCaMP6f signal. Washout after treatment with 1 µM and 10 µM 

nifedipine completely restored frequency of Ca2+ transients to baseline levels in all fish (Figure 

S5B-C). Washout after treatment with 100 µM nifedipine reversed the Ca2+ block in 65% of the 

fish, restoring frequency of Ca2+ transients, and Ca2+ transient amplitudes to levels near to baseline 

(Figure 5B-C).

	 Strikingly, in contrast with GCaMP6f signals, VSFP-butterfly signals could still be recorded 

after 100 µM nifedipine treatment. Nifedipine treatment in VSFP-Butterfly fish did, however, 

significantly reduce the AP frequency (198.9 ± 24.7 vs 156.8 ± 25.2 bpm, p≤0.0001) (Figure 6A-B), 

which is in line with the effect on Ca2+ transient frequency in GCaMP6f fish at 1 µM and 10 µM 
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nifedipine, but not at 100 µM nifedipine, as the GCaMP6f signal completely disappeared at this 

concentration (Figure 5B-C). In the ventricle, APD was slightly, but significantly increased after 

treatment with 100 µM nifedipine (APD10: 54.1 ± 6.3 vs 60.8 ± 6.3 ms, p≤0.01; APD20: 67.2 ± 7.1 

vs 77.2 ± 6.8 ms, p≤0.01; APD50: 92.5 ± 9.3 vs 105.4 ± 10.7 ms, p≤0.001; APD90: 114.1 ± 11 vs 130 

± 13.8 ms, p≤0.01) (Figure 6B). In the atrium, only APD10 was significant increased (43.1 ± 4 vs 47 

± 3.4 ms, p≤0.05), while APD20,
 APD50 and APD90 were not affected (Figure 6B). Strikingly, in 20% of 

the treated fish (100 µM) we observed a desynchronized atrial-ventricular (A-V) electrical impulse 

propagation (Figure 6C and Movie S3).

GCaMP6f reports Ca2+ dynamics in the juvenile zebrafish heart
To study in vivo cardiac Ca2+ dynamics in older fish, we developed a transparent casper 

tg(myl7:Gal4FF;UAS:GCaMP6f) zebrafish line. Due to mutations in the genes mitfa and mpv1725, 

casper zebrafish lack two skin pigments and remain transparent even into adulthood.26 We 
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Figure 5. In vivo effect of L-type calcium channel block on ventricular Ca2+ dynamics in embryonic GCaMP6f fish. 
3 dpf GCaMP6f fish were treated for 30 min with the L-type calcium channel (LTCC) antagonist nifedipine. (A) Dose-

response curve showing that increased concentrations of nifedipine (1-100 µM) result in a decreased frequency of 

Ca2+ transients in the ventricle (representative of frequencies over the entire heart tube). Baseline measurements of 

the 3 treatment groups are pooled in one group (mean ± SEM, 10 and 100 µM p≤0.0001, baseline: n=43, 1 µM:  n=12, 

10 µM: n=12, 100 µM: n=19). (B) Bar graphs showing that treatment with 100 µM nifedipine completely diminished 

Ca2+ amplitude and frequency (p≤0.0001), which was partly reversed after washout in E3 medium (p≤0.0001) (mean 

± SEM, baseline n=19, treatment n=19, washout n=17). (C) A visual representation of the total block in GCaMP6f 

signal intensity in one representative fish after treatment with 100 µM nifedipine and the rescue of Ca2+ amplitude 

and frequency after washout in E3 medium. AU: arbitrary units.
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used the same high-speed widefield epifluorescence microscopy setup employed in 3 dpf 

VSFP-butterfly and GCaMP6f embryos (Figure 2A and Figure 7A). 3 dpf and 14 dpf casper 

tg(myl7:Gal4FF;UAS:GCaMP6f) zebrafish were treated with 75 µM and 100 µM para-amino-
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Figure 6. In vivo effect of LTCC blockage on cardiac electrophysiology in embryonic VSFP-butterfly CY fish. 3 dpf 

VSFP-butterfly fish were treated for 30 min with 100 µM nifedipine. (A) Line plots of the ratiometric VSFP-butterfly 

signal versus time in one representative fish before and after treatment, along with a visual representation of the AP 

configuration. The line plots show a decrease in AP frequency and slight increase in ventricular APD after treatment 

with nifedipine. Line plots and adjacent ratiometric graphs are from the same fish. (B) APD parameters before and 

after treatment with 100 µM nifedipine (n=16). Bar graphs show a significant decrease in the AP frequency (mean ± 

SEM, p≤0.0001) and boxplots show a significant increase in APD10,20,50 and APD90 in the ventricle (middle panel; 

** p≤0.01, *** p≤0.001), but only an increase of APD10 in the atrium (bottom panel; p≤0.05). (C) A line plot of 

one representative fish showing a disturbed atrial-ventricular electrical conductance after treatment with 100 µM 

nifedipine, which occurred in 20% of the fish. Atrial firing is regular, but there is ectopic activation at the apex as well 

at the base of the ventricle, which is clarified in the schematic picture. A: atrium; V: ventricle.
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blebbistatin (PAB) respectively, to inhibit contraction. While hearts never fully stopped beating 

with PAB, contraction was inhibited sufficiently to prevent major movement artifacts (Movie S4). 

Analysis of the oscillatory GCaMP6f (cpEGFP) signal over time allowed examination of Ca2+  transient 

dynamics in both cardiac chambers (Figure 7B). Similar to 3 dpf embryos, individual analysis of the 
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Figure 7. In vivo recording of Ca2+ dynamics in embryonic and juvenile casper GCaMP6f fish. (A) Visual representa-

tion of the imaging plane in 14 dpf juvenile casper-GCaMP6f hearts. The same widefield high-speed epifluorescence 

microscopy setup was used as in 3 dpf embryos. (B) Movies of almost silent GCaMP6f juvenile hearts were recorded 

and signal analysis demonstrated a clear oscillatory cpEGFP (GCaMP6f) Ca2+ signal in the selected atrial or ventricular 

region. (C-D) Representative examples of normalized oscillatory atrial (C) and ventricular (D) GCaMP6f signals from 3 

and 14 dpf PAB-treated casper hearts, showing the Ca2+ transient dynamics over time. (E) Schematic representation 

of analyzed Ca2+ transient parameters. Bar graphs (mean ± SEM) demonstrating the speed in Ca2+ transient upstroke 

and recovery phase, compared between chambers and age (3 dpf n=7, 14 dpf n=3), showing a significant faster Ca2+ 

transient upstroke in the atrium compared to the ventricle, in both 3 dpf (p≤0.0001) and 14 dpf casper fish (p≤0.01). 

The recovery phase is significantly slower in 14 dpf casper fish compared to 3dpf casper fish, both in the atrium 

(p≤0.0001) and the ventricle (p≤0.0001). Also, the Ca2+ transient recovery phase is slower in the atrium compared to 

the ventricle, both in 3 dpf and 14 dpf fish (p≤0.05) (mean ± SEM, one-way ANOVA).
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atrial and ventricular myocardium demonstrated differences in Ca2+ dynamics between chambers, 

with again a faster rise of cytosolic Ca2+ levels in the atrium (Figure 7B-E). Interestingly, when 

comparing Ca2+ dynamics between 3 dpf and 14 dpf zebrafish, we found significant differences in 

the recovery phases of atrial and ventricular Ca2+ transients (Figure 7C-E). Cytosolic Ca2+ clearance 

was significantly slower in the atrium of 14 dpf fish (90-10%: 117.9 ± 7.3 ms at 3 dpf vs. 199.7 ± 

8.6 ms at 14 dpf, p ≤ 0.0001), as well in the ventricle of 14 dpf fish (90-10%: 97.7 ± 3.5 ms at 3 

dpf vs. 162.7 ± 11.4 ms at 14 dpf, p ≤ 0.0001) (Figure 7E), which could be an effect of the overall 

slower heart rate at 14 dpf (Figure S6A). To investigate whether genetic background and type of 

contraction block affects Ca2+ dynamics, two zebrafish strains (TL and casper) and two types of 

contraction blockers (tnnt2a MO and PAB) were compared (Figure S6). We did observe an effect 

of zebrafish strain, as we found higher heart rates in casper fish compared to embryonic TL fish 

(Ca2+ transient frequency; TL MO 216.6 ± 3.1 bpm vs. casper MO 238.4 ± 4.2 bpm, p ≤ 0.001; TL 

PAB 223.5 ± 2.9 bpm vs. casper PAB 242.1 ± 3.9 bpm, p ≤ 0.001) (Figure S6A), as well as a shorter 

Ca2+ transient recovery time in casper fish, both in the atrium (TL MO 137.6 ± 2.5 ms vs. casper 

MO 123.3 ± 2.6 ms, p ≤ 0.05; TL PAB 138.6 ± 2.1 ms vs casper PAB 117.9 ± 7.2 ms, p ≤ 0.01) and in 

the ventricle (TL MO 120.8 ± 2.9 ms vs. casper MO 98.20 ± 2.9 ms, p ≤ 0.0001; TL PAB 119.8 ± 1.7 

ms vs casper PAB 97.71 ± 3.5 ms, p ≤ 0.001) (Figure S6C). No difference in Ca2+ transient upstroke 

time between embryonic casper and TL fish was observed (Figure S6B). In addition, the type of 

contraction block seemed to have no effect on Ca2+ dynamics, as MO- and PAB-treated fish of the 

same strain demonstrated a similar Ca2+ transient frequency, Ca2+ transient upstroke time and Ca2+ 

transient recovery time (Figure S6A-C).  

Discussion

Experimental animal models have been instrumental for the development of our understanding 

of cardiac cellular electrophysiology and the pathophysiology of cardiac arrhythmias. In general, 

in vivo assays are mainly used to study global multicellular cardiac electrophysiology, while in 

vitro and ex vivo experiments allow detailed research into cardiac cellular electrophysiology. 

Unfortunately, it is extremely difficult to study cardiac cellular electrophysiology in the context 

of the whole body, as the heart is simply not accessible within a closed thoracic cavity. Here, we 

describe the generation and validation of two transgenic zebrafish lines that can be used to study 

in vivo cardiac cellular electrophysiology by reporting cardiac membrane voltage (via the chimeric 

VSFP-butterfly CY sensor) and cytosolic Ca2+ dynamics (via the GCaMP6f sensor).  

During the past decades, the zebrafish has emerged as a powerful model to study human 

disease due to its small size, optical accessibility and ease of genetic engineering. Zebrafish can 

be used to test mechanisms of disease in vivo, especially through genotype-phenotype screens, 

and they also are an efficient and suitable model to screen large libraries of chemical compounds.6 

Large-scale chemical screens are very appealing, as they would allow for fast and economical 
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surveys to identify novel compounds that could benefit patients. Mutagenesis in zebrafish has 

improved markedly in the past few years due to development of the CRISPR/Cas9 technique and it 

is even possible to generate fish carrying patient-specific mutations.27 In future studies, combining 

the VSFP-butterfly and/or the GCaMP6f transgenic line with zebrafish carrying a loss of function 

or a specific patient mutation could provide unique information about the impact of mutations on 

cardiac electrophysiology. 

In this study, we validated the reliability and robustness of both the VSFP-butterfly and 

GCaMP6f sensor lines through treatment of 3 dpf embryos with well-studied (golden standard) 

drugs. The β-adrenergic agonist isoproterenol and the β-adrenergic antagonist propranolol were 

used to test the sensitivity of the 3 dpf embryonic zebrafish heart to modulation of sympathetic 

tone. In line with literature, isoproterenol increased heart rate and enhanced intracellular Ca2+ 

dynamics28, while propranolol had the opposite effect. In general, β-adrenergic stimulation in 

human cardiomyocytes also decreases APD29, which we did not observe in the zebrafish heart. 

However, this could be due to baseline heterogeneity in AP contour between species.30 Strikingly, 

the response to propranolol was much more prominent than the response to isoproterenol in 3 dpf 

embryos (especially at 28°C), possibly indicating that at this developmental stage the sympathetic 

tone is higher than the parasympathetic tone. In line with this, Schwerte et al. demonstrated that 

the vagal tone is not very pronounced in zebrafish embryos until ±11-12 dpf31, and heart rates 

recorded in adult zebrafish (100 days, 28°C) are reported to be around 130 bpm, which is much 

lower than the 180-200 bpm average we find in 3 dpf embryos32 suggesting that the vagal tone is 

not fully developed at 3 dpf.  

In line with literature, the hERG ion channel blocker E-4031 clearly prolonged APD.33 A 

similar response has been described in isolated atrial and ventricular cardiomyocytes from adult 

zebrafish.13 E-4031 also significantly decreased heart rate, an observation we did not expect as the 

hERG channel is not typically associated with mammalian SA node electrophysiology. However, 

literature provides more reports of bradycardia-inducing effects by QT-prolonging drugs in zebrafish 

embryos, as well as reports of LQT2 patients with bradycardia carrying a hERG mutation.12,34,35 

Nifedipine largely blocked Ca2+ transients, disrupted atrial-ventricular electrical conduction 

and mainly affected action potential configuration in the ventricle, with relatively little effect 

in the atrium. It is known that zebrafish express both L-type (LTCC) and T-type Ca2+ channels 

(TTCC), which distinguishes them from mammals, as mammals only express LTCC in the working 

myocardium of the heart. Dominance of the LTCC in the zebrafish ventricle, but not in the atrium, 

could explain why we see a more pronounced effect of nifedipine on the ventricle. Indeed, island 

beat zebrafish embryos with a loss of function mutation in the gene encoding the zebrafish 

LTCC, have a chaotically beating atrium but a completely silent ventricle.36 In addition tomo-seq, 

a technique that provides spatial information on RNA expression, indeed demonstrated a clear 

expression dominance of LTCC in the ventricle, but not in the atrium at 2 dpf.37

In this study, we also demonstrated the first successful use of optogenetic sensors in 14 dpf 

juvenile zebrafish by crossing our tg(myl7:Gal4FF;UAS:GCaMP6f) line with transparent casper fish. 
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While 3 dpf embryos remain easier to manipulate and provide a fast way to screen for the effects 

of mutations or drugs, juvenile fish provide an excellent tool to measure electrophysiology in a 

more mature system. This can be extremely helpful, for instance when a mutation only results in 

a phenotype after the embryonic stages. Our data demonstrate that the Ca2+ transient upstroke 

time is similar in both the atrium and ventricle of 3 dpf and 14 dpf fish, but the Ca2+ transient 

recovery time is significantly longer in 14 dpf fish. One possible explanation is the physiological 

decrease in heart rate from 200-250 bpm at 3 dpf to approximately 150-180 bpm at 14 dpf, as it 

may influence the speed of Ca2+ release and recovery. It is also possible that this decrease in Ca2+ 

transient recovery time is an effect of cardiomyocyte maturation, but this can only be confirmed 

with recordings that have similar Ca2+ transient frequencies.   

Ultimately, it would be favorable to combine these high-sensitivity voltage and Ca2+
 sensors 

into one zebrafish line, as it will allow for a one-on-one comparison and it will diminish the 

influence of genetic heterogeneity between zebrafish lines on experimental outcomes. In terms of 

fluorescence spectra, it would be a possibility to combine chimeric VSFP-butterfly with RCaMP2, 

a red variant of GCaMP. The concept of a dual-sensor fish is not novel, as Hou et al. presented 

simultaneous mapping of membrane voltage and Ca2+ using a genetically encoded dual-function 

Ca2+ and voltage reporter (CaViar).38 This dual-sensor fish is very promising; however, its dim opsin 

voltage signal (30-80 times dimmer than EGFP) makes imaging highly challenging and detailed 

APD analyses complicated. 

Another previously reported zebrafish line used the VSFP2 type voltage indicator termed 

Mermaid. While it was shown that Mermaid can report in vivo cardiac membrane voltage39, this 

voltage sensor has slow kinetics, with a τoff of >60 ms40 as compared to 14.6±0.5 ms in the chimeric 

VSFP-butterfly20 used here, resulting in reduced temporal resolution of the voltage report. 

In conclusion, by introducing the optogenetic sensors chimeric VSFP-butterfly CY and GCaMP6f 

into the zebrafish heart we successfully generated two tools capable of reporting in vivo cellular 

electrophysiological characteristics. Parallel use of both sensors showed the ability to study heart 

rate, cardiac AP configuration, spatiotemporal patterning of electrical activation and intracellular 

Ca2+ dynamics. In addition, we demonstrated the first successful use of an optogenetic sensor 

in juvenile zebrafish, opening new possibilities for electrophysiological research. Due to the fast 

kinetics and high-resolution signals of both sensors, chimeric VSFP-butterfly CY and GCaMP6f 

zebrafish provide promising models to study electro(patho)physiology and to search for novel 

drugs that could aid patients with cardiac arrhythmias.

Limitations
Validation of the sensors via side-by-side comparison to an established method, such as current 

clamp recording, was not performed in this study. However, these recordings are very challenging 

when performed in vivo and the temporal resolution of chimeric VSFP-butterfly CY and GCaMP6f 

have been characterized in several earlier studies. Another limitation of our study is the use of 
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a total contraction block to prevent movement artifacts, despite its necessity for the accurate 

assessment of fluorescence signals over time. The effects of normal cardiac contractile function 

and hemodynamic load on electrophysiological and Ca2+ transient properties via e.g., mechano-

electrical feedback mechanisms could therefore not be taken into account. Another challenge is 

the very fast nature of the AP upstoke phase (less than 2 ms). While chimeric VSFP-butterfly CY 

has excellent kinetics (τon 2.3±0.2 ms), the upstroke phase is simply too fast for accurate tracing 

with the imaging strategy used in this study (for example the camera exposure time (10 ms) is 

longer than the AP upstroke time). Consequently, we have not addressed AP upstroke velocity in 

this study. 

Abbreviations
A: atrium; AP: action potential; APD: action potential duration; AU: arbitrary units; BDM: 

2,3-Butanedione 2-monoximel; bpm: beats per minute; Ca2+: calcium; CY: cyan-yellow: mCitrine/
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Figure S1. No effects of placebo treatment on cardiac electrophysiology and Ca2+ dynamics in embryonic 
zebrafish. Ventricular signals of 3 dpf chimeric VSFP-butterfly CY and GCaMP6f fish were recorded at baseline and 

after 30 min incubation in normal E3-Tricaine solution without added drugs, at 28°C. (A) Bar graphs of AP-frequency, 

and boxplots of APD90 demonstrate no significant effect on both parameters in VSFP-butterfly CY fish, after 30 

min incubation (mean ± SEM, n=10). (B) Bar graphs on frequency of Ca2+ transients, and Ca2+ transient amplitude 

demonstrates no significant effect on both parameters in GCaMP6f fish, after 30 min incubation (mean ± SEM, 

n=15). AU: arbitrary units.
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Figure S2. Dose-response effects of isoproterenol, propranolol and E-4031 in VSFP-butterfly CY fish. The effect 

of different concentrations (1-100 μM) isoproterenol and propranolol on AP frequency. (A) Showing a significant 

increase in AP frequency after treatment with 100 μM isoproterenol (mean ± SEM, p<0.05, one-way ANOVA, 

baseline: n=40, 1 μM: n=9, 10 μM: n=16, 100 μM: n=15). (B) Gradual decrease of AP frequency with increasing 

propranolol concentrations (mean ± SEM, ***p≤0.001, ****p≤0.0001, one-way ANOVA, baseline: n=39, 1 μM: n=11, 

10 μM: n=12, 100 μM: n=16). (C) The effect of different concentrations (100-500 μM) E-4031 on ventricular APD90 

showing a significant increase in APD90 after treatment with 500 μM (mean ± SEM, p≤0.0001, one-way ANOVA, 

baseline: n=30, 100 μM: n=9, 250 μM: n=11, 500 μM: n=10). Baseline measurements of the different concentration 

groups were pooled into one group.
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Figure S3. In vivo effect of sympathetic stimulation on cardiac electrophysiology and Ca2+ dynamics at 28°C. 3 

dpf VSFP-butterfly and GCaMP6f fish were treated for 30 min with β-adrenergic receptor agonist isoproterenol (100 

μM), experiments were performed at 28°C. (A) Bar graphs demonstrate a significant increase in AP frequency after 

isoproterenol treatment (mean ± SEM, p≤0.001, n=15). Boxplots show action potential duration (APD) parameters 

at baseline and after isoproterenol treatment. No significant changes were found in APD10,20,50 and APD90 after 

treatment. (B) Effect of isoproterenol on Ca2+ dynamics at the physiological temperature of 28°C, n=15. Bar graphs 

demonstrating no significant increase in the frequency of Ca2+ transients and no change in diastolic Ca2+ levels (mean 

± SEM). The change in Ca2+ transient amplitude is plotted per individual fish, demonstrating no consistent positive 

response towards treatment. The correlation plot of the change in diastolic Ca2+ level versus the change in Ca2+ 

transient amplitude after sympathetic stimulation presents a significant correlation, which is positive as well as 

negative (p=0.0004, R2=0.80). AU: arbitrary units.
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Figure S4. In vivo effect of sympathetic inhibition on Ca2+ dynamics in GCaMP6f fish. 3 dpf GCaMP6f fish were 

treated for 30 min with β-adrenergic receptor antagonist propranolol (100 μM), n=10. Bar graphs demonstrating 

a significant decrease in diastolic Ca2+ levels (p≤0.01) (left panel) and Ca2+ transient amplitude (p≤0.01) (middle 

panel) after treatment (mean ± SEM). Change in Ca2+ transient amplitude is plotted per individual fish (right panel), 

demonstrating a clear decrease in 9/10 fish after treatment (right panel). AU: arbitrary units.
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Figure S5. Dose-response effect of nifedipine on ventricular Ca2+ dynamics in GCaMP6f fish. 3dpf GCaMP6f fish 

were treated for 30 min with 1, 10 and 100 μM nifedipine. (A) Bar graphs demonstrating the percentage of fish in 

which the ventricular GCaMP6f signal was blocked 100% after treatment (top panel) and the percentage of fish 

in which this block was reversible after washout in E3 medium for 180 min (bottom panel). Y-axis numbers are 

representable for the signal intensity across the entire heart tube. No total signal block was observed after 1 μM 

treatment, but there was a total block in 41.7% of fish when treated with 10 μM and total block in 100% of the fish 

when treated with 100 μM nifedipine. In addition, this total block was reversible in all fish after treatment with 10 

μM and in 65% of fish treated with 100 μM nifedipine (data are presented as mean, 1 μM: n=10, 10 μM: n=12, 

100 μM: n=19). (B) Bar graphs demonstrating a significant decrease in Ca2+ transient frequency (p≤0.01) and Ca2+ 

transient amplitude (p≤0.01) after 1 μM nifedipine treatment. These parameters recovered to baseline levels after 

washout (mean ± SEM, frequency p≤0.001, amplitude p≤0.01). (C) Bar graphs demonstrating a significant decrease 

in Ca2+ transient frequency (p≤0.001) and Ca2+ transient amplitude (p≤0.0001) after 10 μM nifedipine treatment. 

These parameters significantly recovered after washout (mean ± SEM, frequency p≤0.001, amplitude p≤0.0001). 

AU: arbitrary units.
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Figure S6. In vivo Ca2+ dynamics of embryonic zebrafish with different genetic backgrounds and different 
types of contraction block. Comparison in Ca2+ transient dynamics between different experimental groups (TL 

MO n=17, TL PAB n=15, casper MO n=10, casper PAB n=7, 14 dpf casper PAB n=3). (A) Bar graphs demonstrating 

no significant difference in Ca2+ transient frequency between MO and PAB treated fish within the TL or casper 

background. Embryonic casper fish have a higher Ca2+ transient frequency compared to embryonic TL fish. Ca2+ 

transient frequency is significant lower in 14 dpf juvenile fish compared to both 3 dpf casper and TL fish (mean ± 

SEM, * p≤0.05, *** p≤0.001, one-way ANOVA). (B) Bar graphs demonstrating no significant differences in atrial and 

ventricular upstroke time between TL and casper fish, between 3 dpf and 14 dpf, nor between MO and PAB treated 

fish (mean ± SEM, one-way ANOVA). (C) Bar graphs demonstrating a significant difference in atrial and ventricular 

Ca2+ transient recovery time in 3 dpf TL versus 3 dpf casper fish, as well as a significant difference in atrial and 

ventricular Ca2+ transient recovery time of 3 dpf versus 14 dpf casper fish (mean ± SEM, * p≤0.05, ** p≤0.01, *** 

p≤0.001, **** p≤0.0001, one-way ANOVA). No significant differences were observed between MO and PAB treated 

fish (mean ± SEM, one-way ANOVA). MO: morpholino; PAB: para-amino-blebbistatin; TL: Tupfel long fin.
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Supplemental movie legends

Supplemental movies can be found at journal website: http://www.thno.org/v08p4750.htm

Movie S1. In vivo recording of chimeric VSFP-butterfly CY signals in the embryonic zebrafish heart. Using the 

high-speed epifluorescent microscope, a movie of the 3 dpf non-contracting chimeric VSFP-butterfly CY embryonic 

heart was recorded. Fluorescence was recorded in two channels, the mCitrine signal can be seen in the top panel 

and mCerulean in the bottom panel. Upon each membrane depolarization a slight increase of mCitrine intensity and 

a slight decrease of mCerulean intensity can be detected. Signal intensity changes are hard to detect by eye, but 

easily collected via signal analysis in imageJ (see Figure 2). A: atrium; V: ventricle.

Movie S2. In vivo recording of GCaMP6f signals in the embryonic zebrafish heart. Using the high-speed 

epifluorescent microscope, a movie of the 3 dpf non-contracting GCaMP6f embryonic heart was recorded. Upon the 

increase in cytosolic Ca2+ levels an increase of cpEGFP intensity can be detected. Atrial-ventricular activation is easily 

visible by eye. A: atrium; V: ventricle.

Movie S3. Desynchronized electrical impulse propagation after nifidipine treatment in the embryonic zebrafish 

heart. Using the high-speed epifluorescent microscope, a movie of the 3 dpf non-contracting chimeric VSFP-

butterfly CY embryonic heart, treated with 100 µM nifedipine, was recorded. Ratiometric mCitrine and mCeruelan 

signals over the atrium and ventricle were converted into a color-coded movie, presented by a 32-color gradient. 

The disturbed atrial-ventricular electrical impulse propagation is detectable by an asynchronous activation pattern. 

A: atrium; V: ventricle.

Movie S4. In vivo recording of GCaMP6f signals in the juvenile zebrafish heart. Using the high-speed epifluorescent 

microscope, a movie of the 14 dpf GCaMP6f juvenile heart was recorded, contraction is partly inhibited using para-

amino-blebbistatin (PAB). Upon the increase in cytosolic Ca2+ levels an increase of cpEGFP intensity can be detected. 

Atrial-ventricular activation is visible by eye. A: atrium; V: ventricle.
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Abstract

GNB5 encodes the G protein β subunit 5 and is involved in inhibitory G protein signaling. Here, we 

report mutations in GNB5 that are associated with heart-rate disturbance, eye disease, intellectual 

disability, gastric problems, hypotonia, and seizures in nine individuals from six families. We 

observed an association between the nature of the variants and clinical severity; individuals with 

loss-of-function alleles had more severe symptoms, including substantial developmental delay, 

speech defects, severe hypotonia, pathological gastro-esophageal reflux, retinal disease, and sinus-

node dysfunction, whereas related heterozygotes harboring missense variants presented with a 

clinically milder phenotype. Zebrafish gnb5 knockouts recapitulated the phenotypic spectrum 

of affected individuals, including cardiac, neurological, and ophthalmological abnormalities, 

supporting a direct role of GNB5 in the control of heart rate, hypotonia, and vision.

Keywords: whole-exome sequencing, heart rate, intellectual disability, hypotonia, G-protein 

signaling, parasympathetic system
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Main text

Heterotrimeric G proteins trigger a signal transduction cascade composed of α, β, and γ subunits. 

They are associated with G protein-coupled receptors (GPCRs) in modulating an array of cellular 

functions, including release of a multitude of hormones and growth factors, regulation of cell 

contraction and migration, and cell growth and differentiation during development.1,2,3,4 G protein-

coupled signaling plays a crucial role in neuronal communication, including regulation of the 

antagonistic effects of the parasympathetic and sympathetic branches of the autonomic nervous 

system throughout the body. We report a genetic disorder caused by mutations affecting GNB5 
(MIM:604447), encoding guanine nucleotide-binding protein subunit beta-5, and with disease 

manifestation in multiple systems.

We identified nine affected individuals (six females and three males) from six unrelated families 

presenting with a clinical overlap of neurological and cardiac conduction defects; all subjects were 

found to have variation in the same gene, GNB5, and share a similar rare phenotype. This work 

results from exome and phenotype data aggregation among independent groups engaged in 

studying the molecular basis of yet unsolved human genetic rare disease traits. Shared phenotypic 

features representing the cardinal characteristics of the syndrome include global developmental 

delay, seizures, generalized hypotonia, retinal disease, and the uncommon feature of early-onset 

sinus-node dysfunction (Table 1). Additional clinical investigations and diagnostic studies did not 

show any evidence of structural CNS, ocular, or cardiac anomalies. Affected individuals from four 

of the six families (families A–D) demonstrated the severe end of the disease spectrum, including 

substantial cognitive deficits, delayed motor development, severe hypotonia, retinal disease, 

pathological gastro-esophageal reflux, and sinus-node dysfunction. Affected individuals in families 

E and F presented with a  milder phenotype, including mild intellectual impairment, language 

delay, and bradycardia (Figure 1, Table 1, Supplemental Note).

Given that no potentially pathogenic genomic structural  abnormalities were identified by 

array comparative genomic hybridization and karyotyping of the affected subjects, we applied 

whole-exome sequencing to all the affected individuals and their healthy parents. Families were 

recruited in Italy (family A), Brazil (B and F), the United States (C and D), and the Netherlands (E). 

The institutional review boards of the IRCCS Casa Sollievo Della Sofferenza Hospital, the Hospital 

das Clínicas da Universidade de São Paulo, the Baylor College of Medicine, the Amsterdam 

Academic Medical Center, and the University of Lausanne approved this study. Participants were 

enrolled after written informed consent was obtained from parents or legal guardians. The clinical 

evaluation included medical history interviews, a physical examination, and review of medical 

records. To uncover genetic variants associated with the complex phenotype shown by the nine 

affected subjects, we sequenced their exomes and those of their parents. DNA libraries were 

prepared from blood-derived genomic DNAs according to standard procedures. Exomes were 

captured and sequenced with different platforms to reach 50- to 120-fold coverage on average. 

Variants were called as previously described.5,6,7 Variants were filtered on the basis of inheritance 
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patterns, including autosomal recessive, X-linked, and de novo and/or autosomal dominant. 

Variants with MAF < 0.05% in control cohorts (dbSNP, the 1000 Genome Project, NHLBI GO Exome 

Sequencing Project, the Exome Aggregation Consortium database, and our in-house databases) 

and predicted to be deleterious by SIFT,8 PolyPhen-2,9 and/or UMD-Predictor10 were prioritized.

Given a potential history of consanguinity reported in some families (families B, C, and F 

(Figure 1, Table 1), we filtered variants by using Mendelian expectations for the assumption of 
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1 2

1 2
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1 2
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                         A B
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Figure 1. Pedigrees from the Six Families Investigated in this Study. Affected members of families A to D (upper 

red-lined panel) and E to F (lower blue-lined panel) show severe and mild manifestation of the core symptoms of 

the syndrome defined in this study. Filled symbols represent individuals with severe sinus sick syndrome (SSS; top 

left quarter), intellectual disability (ID; top right quarter), hypotonia (bottom left quarter), and seizures (bottom right 

quarter), whereas a light-gray top left quarter indicates the presence of mild ID. Genotypes are specified according 

to GenBank: NM_006578.3. 

Table S1. Affected individual numbers refer to those in the pedigree in Figure 1. Complete pedigree charts, 

consanguinity status, variants, and related homozygous and/or compound heterozygous alleles are reported in Figure 

1 and Table S1. Abbreviations are as follows: M, male; f, female; NA, not available; +, clinical trait present; −, clinical 

trait not present; PFO, patent foramen ovale; bpm, beats per minute; implant., implantation; abn., abnormalities.
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a rare autosomal-recessive trait. We found GNB5 to be compliant with Mendelian expectations and 

bearing bi-allelic putative deleterious variants in all affected individuals (Figure 1, Table S1). Sanger 

sequencing in each family confirmed the anticipated segregation of the GNB5 variants. Strikingly, 

the variants found in the severely affected individuals (families A–D) were predicted to be loss-

of-function (LoF) alleles, whereas the more mildly affected individuals from families E and F were 

homozygous for the same missense variant, c.242C>T (p.Ser81Leu [GenBank: NM_006578.3]) 

(Figures 1 and S1A). In families B, C, and D the affected individuals were homozygous for splice 

variants (c.249+1G>T [p.Asp84Leufs31∗] and c.249G+3A>G [p.Asp84Valfs31∗]) and a nonsense 

variant (c.906C>G [p.Tyr302∗]), respectively (Figures 1 and S1A, Table S1). In family A, the affected 

siblings were compound heterozygous for a maternally inherited nonsense variant (c.994C>T 

[p.Arg332∗]) and a paternally inherited splice-site change (c.249G>A [p.(=)]), which gives rise to 

an aberrantly spliced isoform containing an additional 25 nucleotides of the intervening intron 

2 (Figure  S2A). We experimentally show that the transcripts from both alleles are targeted by 

nonsense-mediated mRNA-decay (Figure S2B).

The five GNB5 LoF variants identified in families A–D are either not present or present with 

MAF ≤ 8.25 × 10−6 in ExAC (Exome Aggregation Consortium, v.0.3.1) (Table S1). Correspondingly, LoF 

variants in GNB5 are underrepresented in comparison to expectation in this database; specifically, 

ExAC reports 8 LoF variants whereas 19 were expected. The c.242C>T (p.Ser81Leu) missense 

variant identified in family E, of Moroccan ancestry, and family F, of Brazilian ancestry, has a MAF 

< 5 × 10−5 (6/121,000) in the human population and 4.3 × 10−4 in Latinos (5/11,574). A sample of 

individuals from Morocco identified a prevalence of 1 out of 1,260 (7.94 × 10−4) for this allele. We 

estimated the prevalence of the c.242C>T (p.Ser81Leu) variant in the Moroccan population by 

genotyping a total of 630 Moroccan individuals, including 394 Moroccans and 235 Dutch citizens 

of Moroccan descent by real-time PCR. Pathogenicity of this variant is further supported by three-

dimensional representation of the encoded protein complexed with RGS9, a member of the R7 

subfamily of regulators of G-protein signaling (RGS) proteins and common binding partner of GNB5. 

GNB5 is folded into essentially identical seven-bladed β-propellers (WD40 repeated domains) with 

equivalent N-terminal helical extensions.11 Replacement of the evolutionarily conserved serine 81 

(Figure S1B) by leucine will induce localized structural changes in the immediate vicinity of this 

residue, which could impair both the central pore of the β-propeller and the binding kinetics of 

RGS proteins (Figures S3– S5).

In line with the clinical presentation of affected individuals, Gnb5 ablation in mice resulted 

in marked neurobehavioral abnormalities, including learning deficiencies, hyperactivity, 

impaired gross motor coordination, abnormal gait,12 defective visual adaptation,13 and perturbed 

development and functioning of retinal bipolar cells.14 Correspondingly, mice lacking Rgs6, the 

GNB5-dependent RGS protein enriched in heart tissue, exhibit bradycardia and hypersensitivity 

to parasympathomimetics.15,16 To independently investigate the functional effects of variation of 

GNB5 in the full phenotypic spectrum of subjects reported herein, we engineered a zebrafish 

model knocked out for gnb5.
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CRISPR/Cas9 genome editing was used to generate zebrafish with LoF mutations in gnb5a and 

gnb5b. This teleost has two GNB5 paralogs as a result of an ancient genome duplication event17 

(Figure  S6). We identified stable lines with a 7  bp insertion in gnb5a and a 8  bp deletion and 

15 bp insertion in gnb5b, causing a frameshift and premature truncation of the encoded proteins, 

respectively (Figure S7). It was anticipated that gnb5a and gnb5b might have redundant functions, 

which was confirmed by the absence of overt phenotypes in embryos homozygous for either 

LoF mutations. As a consequence, a double knockout was generated to ensure complete loss 

of functional Gnb5. In-crosses of gnb5a and gnb5b double heterozygotes resulted in clutches 

of embryos containing the expected 6.25% of gnb5a−/−/gnb5b−/− double mutants (henceforth 

referred to as gnb5 mutants). Consistent with syndrome manifestations of affected individuals, 

zebrafish mutant embryos had no striking dysmorphologic features (Figure S7D). However, the 
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Figure 2. Cardiac Function in gnb5 Mutant Zebrafish. (A–D) Box-whisker plots demonstrate the heart rate response 

and the relative heart rate change of 5 dpf wild-type (WT), sibling (SIB), and gnb5 mutant (MT) larvae. Embryos at 5 

dpf were embedded in 0.3% agarose prepared in E3 medium containing 16 mg/ml Tricaine. Basal heart rates were 

recorded first. Then, (A and C) 400 μM of the parasympathetic agonist carbachol (CCh; Sigma-Aldrich C4382) (WT 

n = 10, SIB n = 39, MT n = 14) or (B and D) 100 μM of the sympathetic agonist isoproterenol hydrochloride (ISO; 

Sigma-Aldrich 1351005) (WT n = 12, SIB n = 22, MT n = 9) was added and incubated for 30 min and heart rates were 

measured. Recordings were performed at 150 frames per second and were analyzed with ImageJ. The relative heart 

rate change is the percentage change between the basal heart rate measured and the heart rate after addition of 

CCh or ISO. n denotes the number of fish used per dataset. Differences between two groups were analyzed via the 

Student’s t test. Differences between more than two groups were analyzed via one-way ANOVA with Tukey’s post-

hoc test. Data are shown as mean ± SEM, and p < 0.05 was considered significant. *p < 0.05, **p ≤ 0.01, ***p ≤ 0.001, 
****p ≤ 0.0001. p > 0.05 was considered not significant (n.s.). bpm, beats per minute.
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Figure 3. Neurologic Function in gnb5 Mutant Zebrafish. (A–C) Touch-evoked escape response assay in which three 

consecutive tactile stimuli were applied. Embryos at 3 dpf were placed in the middle of a standard 88 mm petri dish 

containing E3 medium. Three consecutive tactile stimuli were applied by touching the tail of the embryo with an 

insect pin. Stimuli were only applied when the embryo was still. Behavior was recorded with a standard camera (30 

fps) and analyzed with ImageJ (NIH) and the plugin MTrackJ.19 (A) shows representative responses of 3 dpf wild-type 

and gnb5 mutant embryos to a touch stimulus. Scale bar, 0.5 cm. Box-whisker plots show quantification of the (B) 

swimming distance and (C) swimming speed in TL wild-types (n = 19), siblings (n = 46), and gnb5 mutants (n = 27). (D 

and E) Analysis of maximum tail movement at 5 dpf. Larvae at 5 dpf were sedated in E3 containing 16 mg/ml Tricaine 

and embedded in 0.5% UltraPureTM agarose (Invitrogen 16500-500) in a 35 mm glass bottom dish. After setting, the 

agarose was cut away caudal to the swimming bladder, leaving the tail free to move. The dish was filled with E3 me-

dium and embryos were left to recover from the sedation for 10 min at 28°C. Next, a maximal escape response was 

elicited by repeatedly touching the head of the embryo with an insect pin. Recordings were performed at 280 fps, for 

30 s, with a high-speed CCD camera (Hamamatsu Photonics K.K., C9300-221) and analyzed with ImageJ (angle tool). 

(D) shows representative minimum projection images of tail movement in wild-type and gnb5 mutant embryos, 

including tail angle analysis. The tail angle represents the angle between the head-tail midline axis in resting state 
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larvae showed impaired swimming activity, remained small, and generally died 7–14 days post 

fertilization (dpf), most likely as a result of their inability to feed.

To assess the putative involvement of GNB5 in autonomic nervous system functions, we 

investigated the GNB5-RGS-GIRK channel pathway. As GNB5 recruits RGS proteins to G protein-

coupled inward rectifier potassium (GIRK) channels involved in the hyperpolarization of cell 

membranes,16,18 we investigated whether LoF of GNB5 could delay GIRK channel deactivation 

kinetics, increase hyperpolarization time of cell membranes, and impair cell responsiveness to 

new stimuli. Carbachol (PubChem CID: 5831) is a parasympathomimetic compound that activates 

acetylcholine receptors of the heart and the GNB5-RGS-GIRK channel pathway. Treatment of 

gnb5 mutant larvae with carbachol resulted in a strong decrease of the heart rate, whereas it had 

little effect on wild-type and sibling larvae (Figure 2), consistent with loss of negative regulation 

of the cardiac GIRK channel by GNB5-RGS. In contrast, treatment with the sympathetic agonist 

isoproterenol resulted in an increased heart rate that was similar in wild-type, sibling, and gnb5 
mutant larvae (Figure 2). These results indicate that GNB5 is crucial for parasympathetic control 

of heart rate, but not for sympathetic control, suggesting that lack of GNB5 is associated with 

extreme bradycardia at rest. Correspondingly, affected individuals present with severe bradycardia 

at rest (minimal observed heart rates of <25 bpm [beats per minute]) combined with a normal 

chronotropic response (maximum heart rates >150 bpm).

The severe muscle hypotonia reported in affected individuals could result from GIRK-mediated 

hyperpolarization of neurons controlling skeletal muscle tone. gnb5 mutant embryos hatched 

normally from their chorion, a process that requires muscle contraction, but their swimming 

behavior appeared abnormal at 3 dpf. To investigate whether this abnormal behavior was linked 

to neurologic dysfunction and hypotonia, we examined the touch-evoked escape response. We 

anticipated that neurons would only become fully hyperpolarized after an initial stimulus and thus 

presented the embryos with three consecutive tactile stimuli. Whereas wild-type larvae rapidly 

swam away in response to repeated tactile stimuli, gnb5 mutants showed a significant decrease 

in swimming distance and swimming speed at stimuli two (p ≤ 0.0001) and three (p ≤ 0.01), but 

not after the first stimulus (Figures 3A–3C). Accordingly, gnb5 mutant larvae were predominantly 

unresponsive to repeated tactile stimuli (Movies S1 and S2). To test whether this abnormal escape 

response is the consequence of neurologic dysfunction rather than reduced muscle function, 

we performed a tail movement assay. 5 dpf larvae were given a strong tactile stimulus while we 

recorded the movement of the tail (Figures 3D and 3E). No significant difference in the maximum 

and a line that was drawn from just caudal of the swimbladder to the tip of the tail at maximal tail movement. (E) Tail 

angle quantification is displayed in box-whisker plots (wild-type n = 10, gnb5 mutants n = 10). fps, frames per second. 

n denotes the number of fish used per dataset. Differences between two groups were analyzed via the Student’s t 

test. Differences between more than two groups were analyzed via one-way ANOVA with Tukey’s post-hoc test. Data 

are shown as mean ± SEM, and p < 0.05 was considered significant. *p < 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 

0.0001. p > 0.05 was considered not significant (n.s.).
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tail angle was detected between wild-type and gnb5 mutant larvae (Figure 3E). These results 

indicate that the tail muscles of gnb5 mutants are fully functional and that the abnormal escape 

response is associated with neurological dysfunction and possibly muscle hypotonia.

Given that affected individuals have visual problems, including nystagmus, we investigated the 

visual system by measuring the optokinetic response (OKR) of gnb5 mutant larvae. When wild-

type larvae were placed in a drum with a rotating light stimulus (Figure S8A), the OKR consisted 

of smooth pursuit eye movements followed by rapid rest saccades in the opposite direction 

(Figure S8B, Movie S3). In contrast, OKR was completely absent in gnb5 mutant larvae although 

their eyes showed no morphological abnormalities and could make eye movements (Figure S8C, 

Movie S4). This indicates that the eye muscles are functional in gnb5 mutants but that proper 

eye-movement control depends on GNB5. Overall these data show that gnb5 mutants faithfully 

recapitulate the phenotypic spectrum of affected individuals, including cardiac, neurologic, and 

ophthalmologic abnormalities.

These results provide evidence for a direct role of GNB5 in the control of heart rate, motor 

capacity, and vision. Whereas GNB1 (MIM: 139380), GNB2 (MIM: 139390), GNB3 (MIM: 139130), 

and GNB4 (MIM: 610863) are widely expressed and encode highly homologous proteins,20 GNB5 

is preferentially expressed in the brain and nervous system and encodes a peptide with less 

homology with its four paralogs.21,22

Germline de novo GNB1 variants cause severe neurodevelopmental disability,23 hypotonia, 

and seizures. GNB3 bi-allelic LoF has been linked to congenital stationary night blindness (MIM: 

610445, 163500, 610444, 613830, 616389, 310500, 257270, 613216, 614565, 615058, 300071, 

and 610427) and recessive retinopathy in humans,24,25 retinal degeneration in chickens,26 and 

reduced cone sensitivity and mild bradycardia in mice.27,28 A SNP in GNB3 was associated with 

postural tachycardia syndrome29 and incidence of cardiovascular disease and stroke.30 Similarly, 

GNB2 and GNB4 map to loci governing heart rate on chromosomes 7 and 3, respectively.31,32 

We hereby demonstrate that bi-allelic LoF and missense variants in GNB5 cause a multisystem 

syndrome with features that include global developmental delay, sinus-node dysfunction, 

seizures, eye abnormalities, gastric problems, and generalized hypotonia. We highlight the 

importance of GNB5 for neuronal signaling, including the regulation of the antagonistic effects of 

the parasympathetic and sympathetic nervous system.

Supplemental Data
Supplemental Data includes supplemental acknowledgments, a supplemental note, eight figures, 

one table, and four movies and can be found with this article online at http://dx.doi.org/10.1016/j.
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Supplemental text

Case Reports 

Family A: The proband (A.II.2, Figure 1) is a 20-year-old woman born from healthy non-

consanguineous parents of Italian ancestry. Clinical synopsis includes severe ID and speech disorder, 

nystagmus, bradyarrhythmia, postural defects, epilepsy, hypotonia, and pathological gastric reflux. 

Brain magnetic resonance imaging (MRI) at 2 years of age was normal. Electroencephalography 

(EEG) reported signs of disordered electrogenesis and changes in vigil-state brain bioelectric 

activity. Episodes of sudden sinus pauses followed by junction escape beats were observed. 

Cardiac echocardiogram (ECHO) revealed Patent Foramen Ovale (PFO). Ophthalmology records 

reported retinal degeneration; ISCEV standard Electroretinogram (ERG) was electronegative. 

Amniotic fluid chromosome analysis was normal.

The proband’s 22-year-old sister (A.II.1, Figure 1) presented with severe ID hypotonia, 

nystagmus, epilepsy, and pathological gastric reflux. Brain MRIs, at 14 months and 9 years of age, 

revealed no clinically substantial alterations. Electroretinography and Visually Evoked Potentials 

(PEV) recording sessions revealed electronegative ERG and retinal degeneration with rods’ 

involvement, respectively. Fundus photography documented thinned retinal vessels, oblique 

implantation of the optic nerve head, and no macular abnormalities or pigment accumulation. 

Electrocardiography (ECG) and Holter monitoring identified bradycardic sinus rhythm. Genomic 

array using the Affymetrix CytoScan HD (Affymetrix, Santa Clara, CA, USA) revealed no pathological 

CNVs. 

Family B: The 6-year-old proband is the only child born to Jordanian first-cousin parents. She 

was born in Brazil by caesarean section after an uneventful pregnancy. At 2 months of age, 

she presented with infantile spasms with EEG demonstrating hypsarrhythmia. Treatments with 

vigabatrin and valproic acid were unsuccessful in controlling the seizures. When evaluated at 

6 months of age, she had a profound developmental delay and, because of apneic spells and 

desaturation episodes, she was admitted in the Intensive Care Unit. She was not dysmorphic and 

internal organs were normal. A brain MRI performed at 1 year of age showed T2 hyperintensities 

in thalamus, globus pallidus and brainstem tegmentum (likely related to vigabatrin use). A second 

brain MRI performed two years later failed to show remarkable abnormalities. Acylcarnitine 

and plasma amino acids analyses were normal, whereas urine organic acid analysis showed an 

increase in 3-methyl-glutaconic acid. At 5 years of age, she was unable to support her head and 

had no eye contact. 

Family C: The proband is an 11-year-old female (Figure 1). She presented with absent speech, 

severe ID, hyporeflexia and nystagmus. She is hypotonic with no head control and has never 

sat independently. ECG detected prolonged cardiac pauses and symptomatic chronotropic 
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incompetence that were treated with a pacemaker. EEG was normal. Brain MRI showed 

supratentorial volume loss anterior>posterior in a watershed distribution, attributed to episodes 

of hypotension. Skeletal muscle biopsy histopathology revealed focal z-band streaming and type 1 

fiber predominance, with enlarged and abnormally shaped mitochondria, and increased glycogen 

as free particles. Severely decreased levels of ubiquinol cytochrome c-oxidoreductase (complex 

III) were reported, whereas PAA, UOA, and ACP were normal. Oligonucleotide/SNP array detected 

no pathogenic CNVs. Parents are consanguineous and of Puerto Rican Roma ancestry.  There is a 

9-year-old affected brother who was born at term by normal vaginal delivery after an uneventful 

pregnancy. He showed global developmental delay, nystagmus, sinus node dysfunction and gastric 

reflux. EEG investigation showed no disturbance of brain function. No structural abnormalities 

were identified by echocardiography (ECHO). A progressive cardiac arrhythmia with prolonged 

cardiac pauses resulted in the implantation of a pacemaker. Metabolic work-up (plasma amino 

acids (PAA), urine organic acids (UOA), and plasma acylcarnitine profile (ACP) was normal. 

Oligonucleotide and SNP arrays did not identify CNVs. 

Family D: The proband is a female currently 12-years-old. She was born after a pregnancy 

characterized by decreased fetal movements. Her healthy parents are non-consanguineous 

individuals of Indian descent. She presented with severe cognitive and psychomotor delay, epilepsy 

and hypotonia. When awake, she has normal rhythm and PR intervals (i.e. time from the onset 

of the atrial depolarization to the start of the ventricular depolarization). In contrast when asleep 

she starts to increase her PR interval, suggestive of intermittent Wenckebach (i.e. progressive 

atrio-ventricular block resulting in irregular cardiac rhythm). No structural heart abnormalities 

were demonstrated on conventional ECHO. She has nystagmus and ophthalmological evaluation 

demonstrated abnormal ERG studies (both photopic and scotopic) and grossly normal funduscopic 

examination. She has a history of gastric reflux. The laboratory workup included metabolic studies, 

chromosome analysis and aCGH studies – all normal.

Family E: The proband was born to non-consanguineous, healthy parents of Moroccan ancestry 

after an uneventful pregnancy. He presented at the age of 1 year with an episode of prolonged 

syncope, which prompted his father to start cardiopulmonary resuscitation. Electrocardiographic 

monitoring showed severe sinus node dysfunction with sinus bradycardia, marked sinus arrhythmia, 

and multiple sinus pauses up to 4.4 seconds, requiring pacemaker implantation (AAI). The patient 

also presents with mild learning delay mainly characterized by late speech development, as 

well as impaired fine motor skills. No brain MRI or EEG were performed. No cardiac structural 

abnormality was seen on echocardiography. His older sister was similarly affected with sinus node 

dysfunction including multiple sinus pauses up to 3.2 seconds, mild mental retardation and late 

speech development. Echocardiography of her heart did not show any substantial abnormality. 

None of the siblings suffers from epilepsy and no abnormality was observed in the sister on either 

brain MRI and EEG. Both siblings had normal eyesight, no hearing problems and no involvement 



GNB5 mutations cause an autosomal-recessive multisystem syndrome

105

4

of the gastro-intestinal tract. ECG and Holter monitoring of the parents did not reveal any signs of 

sinus node dysfunction.

Family F: The proband is a 23-year-old male born from consanguineous parents. His phenotypic 

manifestations range from borderline/mild ID, to keratoconus, and sinus arrhythmia.
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A

1,735 bp (NM_006578)

ATG TAA

H. Sapiens
P. Abelii
M. Musculus
R. Norvegicus
H. Glaber
C. Griseus
O. Cuniculus
B. Taurus
P. Pubescens
C. Brachyrhynchos
S. Camelus
T. Guttatus
E. Garzetta
C. Canorus
G. Gallus
P. Carbo
A. Mississippiensis
U. Stansburiana
X. Tropicalis
A. Tigrinum
C. Carpio
D. Rerio
S. Formosus

Serine 81

GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCRDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRLVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDSFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDAFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDAFTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDAFTTNKEHA 
GHGNKVLCVDWCRDKRRIVSSSQDGKVIVWDAYTTNKEHA 
GHGNKVLCMDWCRDKRRIVSSSQDGKVIVWDAYTTNKEHA 
GHGNKVLCMDWCKDKRRIVSSSQDGKVIVWDAFTTNKEHA 
********:***:****:*************::******* 

WD40 repeat - 1

Family E and F
c.242C>T
(p.S81L)

Family A
r.249G>A;249-250ins25

(p.D84Vfs52X)

Family B
c.249+1G>T

(p.D84Vfs31X)

Family C
c.249+3A>G

(p.D84Lfs31X)

Family D
c.906C>G
(p.Y302X)

Family A
c.994C>T
(p.R332X)

Figure S1. GNB5 mutational landscape. (A) Schematic representation of the exon-intron structure of human GNB5 
gene (NM_006578). Loss-of-function (red) and missense (blue) variants detected in the six studied families. Their 

respective positions are indicated on the corresponding exons. The predicted protein changes are shown in brack-

ets. (B) Conservation across vertebrates of the first WD40 domain of GNB5 and Serine 81 residue that is altered by 

a missense substitution (p.(Ser81Leu)) in families E and F. 
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A

Wild-type allele

Variant allele

A.II.2 Unrelated 
Control

GGAGGATCGTGAGCTCGTCACAAGTATGTCACACCTGCTGCATAACAGgtgag........ctccctccagGATGGGAAGGTGATC

25bp intronic retention

532 bp

B
Puromycin
Cycloheximide

+
-

-
+

-
-

GNB5
SC-35 1.7 kb
β-actin

G
el

 b
an
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 in
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GGAGGATCGTGAGCTCGTCACAGgtatgtcacacctgctgcataacaggtgag........ctccctccagGATGGGAAGGTGATCGTGTGGG

EXON 2 EXON 3

0

200

400

600

800

1000

1200

1400

Figure S2. Molecular characterization of Family A variants. (A) The synonymous substitution c.249G>A (p.(=)), 

affecting the last nucleotide of the second exon of GNB5, is predicted to alter splicing accuracy by both NetGene 2 

and NNSPLICE (Table S1). To clarify the nature of this variant we RT-PCR amplified and sequenced the allele carrying 

the splice-site change from total RNA from primary fibroblasts of individual A.II.2. GNB5 exon 1 to 6 amplification 

(top) and sequencing (bottom) from RNA of the II.2 affected individual of family A who carries the c.249G>A splice site 

variant are shown. The variant transcript contains an additional 25 bp (red), corresponding to the intervening intron 

2. (B) The r.249_250ins249+1_249+25 allele is predicted to encode a truncated polypeptide containing a stretch 

of 52 incorrect amino acids starting with an Asp to Val substitution at position 84 (p.(Asp84Valfs52X)). Cloning and 

sequencing of amplicons from individual A.II.1 and A.II.2 further revealed that all transcripts containing the paternal 

allele were aberrantly spliced. Using the same approach, we examined the relative abundance of the c.249G>A and 

c.994C>T alleles. Both altered transcripts are less frequent than their unchanged counterpart in parents’ cells of 

father (A.I.1) and mother (A.I.2) (5 out of 14 amplicons (35.7%) for the paternal allele and 2 out of 15 (13.3%) for 

the maternal one). These results prompted us to hypothesize that both mutant alleles of family A might be targeted 

by the nonsense-mediated mRNA-decay (NMD) pathway. We measured by RT-PCR the levels of GNB5 mRNA in 

proband’s fibroblasts after treatment with Puromycin of Cycloheximide. The mRNA level of GNB5 was restored after 

treatment with both of these known indirect NMD inhibitors suggesting that the c.249G>A and c.994C>T variants 

trigger NMD of the corresponding transcripts and thus represent LoF alleles. The physiological NMD substrate SC-35 

1.7 Kb was included as positive control (dark grey bars). β- actin (light grey bars) was used as internal control. 
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Figure S3. 3D model of the GNB5-RGS complex. (A) To gain independent support for the pathogenicity of the GNB5 
Ser81Leu missense substitution, we used a three-dimensional representation of the GNB5 encoded protein (orange) 

complexed with RGS9 (red, MIM: 604067), a member of the R7-subfamily of Regulators of G-protein Signaling (RGS) 

proteins. The evolutionarily conserved Serine 81 (cyan) is located in a β-strand very close to the central pore, where 

a glycerol molecule (green) is displayed in 2pbi and various molecules have been shown to bind in related structures 

(pdb entries 3smr, 4y7r, 4q11)1,2,3. A loop of RGS9 (blue) blocks the access to the central pore of GNB5. (B) Top view 

of the GNB5 molecular surface. The evolutionary conserved Ser81 (cyan) is located in a β-strand, very close to the 

central pore of the β-propeller, but not directly solvent accessible. The glycerol molecule is shown in green (RGS9 

and Cys111 have been removed for clarity). (C) Detailed views of the Ser81 aminoacidic context. The replacement 

of Serine 81 by a Leucine will induce localized structural changes in the immediate vicinity of this residue. The 

positioning of Cys68 could also be altered potentially permitting the formation of a disulphide bridge with Cys111. 

Additionally, the rearrangements occurring between Leu81 and Ala110, Met109 and Try107 could impair the binding

kinetics of RGS proteins, given that both these residues contribute to the contact surface between GNB5 and RGS9. 

(D) These Leu81-induced structural changes can be accommodated after a few cycles of energy minimization (see 

Figure S5 for rotamer modeling).
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Figure S4. Ser81Leu protein modeling. GNB5 (red) complexed to RGS9 (orange) 3D model showing the proximity of 

residue Ser81 (cyan) with Cys68 (yellow), Met109, Trp107 and Val87 (white), as well as with the glycerol molecule 

(green) included in the PDB entry 2pbi4. The RGS9 loop (blue) blocks the access to the central pore of GNB5. 

Highlighted in purple are the side-chains of Trp107 and Met109 that directly contribute to the contact surface 

between GNB5 and RGS9.
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Figure S5. Ser81Leu protein rotamers modeling. Diverse views of the GNB5 3D model showing the Ser81 residue 

(cyan) compared to the glycerol molecule in the pore (green) and nearby residues (left column). Related rotamers 

emphasizing the steric hindrances-induced local rearrangements associated with the Leucine replacement identified 

in families E and F are shown for comparison on the right. Perturbations of the rotamers were evaluated using the 

backbone dependent rotamer library5 implemented in the Swiss-PdbViewer6.
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Caenorhabditis elegans

Caenorhabditis elegans
Petromyzon marinus

Danio rerio gnb5a
Danio rerio gnb5b

Xenopus tropicalis
Lepisosteus oculatus

Rattus norvegicus
Mus musculus
Homo sapiens

Pan troglodytes
Oryctolagus cuniculus

Drosophila melanogaster

3109.25
6280.82

4241.81

3109.25

6201.50

527.68

870.48

6669.20
251.41 4381.12

4553.02
4208.48

310.36 4164.75

463.50

622.69
3348.50
3017.70

739.80
58.00 2214.41

2654.59

A

B
H. sapiens isoA
D. rerio gnb5a
H. sapiens isoB
D. rerio gnb5b

H. sapiens isoA
D. rerio Gnb5a
H. sapiens isoB
D. rerio Gnb5b

H. sapiens isoA
D. rerio Gnb5a
H. sapiens isoB
D. rerio Gnb5b

H. sapiens isoA
D. rerio Gnb5a
H. sapiens isoB
D. rerio Gnb5b

H. sapiens isoA
D. rerio Gnb5a
H. sapiens isoB
D. rerio Gnb5b

H. sapiens isoA
D. rerio Gnb5a
H. sapiens isoB
D. rerio Gnb5b

Figure S6. Evolutionary conservation of GNB5 genomic sequences across species. (A) Phylogenetic tree based on 

the genomic sequences of 13 different species. For each species the longest or most validated coding transcript was 

selected. Linkage is based on neighbor joining. Values represent the branch lengths. (B) Conservation of zebrafish 

Gnb5a and Gnb5b compared to the human GNB5 proteins. Human GNB5 is translated into two protein isoforms; 

isoform A is the shorter variant (353 aa), while isoform B is the longer variant (395 aa). Gnb5a aligns with GNB5 

isoform A, Gnb5b with GNB5 isoform B. Yellow indicates full conservation between the four proteins. H. sapiens, 

Homo sapiens; D. rerio, Danio rerio.
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Figure S7. Genomic editing of zebrafish gnb5a and gnb5b. (A) gnb5a and gnb5b exons, introns and chromosomal 

location. Red arrows indicate the sitesof CRISPR/Cas9-induced mutations. (B) Partial sequences of gnb5a and 

gnb5b demonstrating the specific mutations that were generated; gnb5a +7bp insertion of GGTAAAC; gnb5b -8bp 

deletion of AACTGGAG and +15bp insertion of GGAGGAGAGAGGAGA. WT, wild-type gnb5 sequence; MT, gnb5 
mutant sequence. (C) Gnb5 wild-type and mutant protein sequences. Both mutations result in an early stop codon 

and truncation of the protein. (D) Representative images illustrating the morphology of 3 dpf wild-type and gnb5 
mutants as seen from a left lateral view (top) and dorsal view (bottom).

1 2 3 4 5 6 7 8 9 10 11

Chr25: 4,711,487 - 4,724,753 

gnb5b

1 2 3 4 5 6 7 8 9 10 11 12 13

gnb5a

Chr18: 39,086,567 - 39,124,511

T T T A C C A C A A G G T A A A C A T A A G G T A A A T G A

T T T A C C A C A A - - - - - - - A T A A G G T A A A T G A

A A A A G C C A A A C T G G A G - - - - - - - G A G G A

A A A A G C C A G G A G G A G A G A G G A G A G A G G A

WT

MT

gnb5a +7bp insertion mutation

gnb5b -8bp +15bp deletion/insertion mutation
WT

MT

Wild-type gnb5 mutant

Gnb5a wild-type protein sequence (355 aa) 

Gnb5a mutant protein sequence (98 aa) 

Gnb5b wild-type protein sequence (395 aa) 

Gnb5b mutant protein sequence (108 aa) 

MAAQEEPAQPGDSLATLKSESDTLKSKLEEERAKLHDVELHQVAEKIEALGQFVMKTRRTLKGHGNKVLCMDWCKDKRRIVSSSQ
DGKVIVWDAFTTNKEHAVTMPCTWVMACAYAPSGCAVACGGLDNKCSVYPLSLDKNENLAAKKKSVAMHTNYLSACCFTNSDMQI
LTSSGDGTCALWDVESGQMLQSFHGHAADVLCLDLAPSETGNTFVSGGCDKKACVWDMRTGQCVQSFESHDSDINSVRYYPSGDA
FASGSDDATCRLYDLRADREVAIYSKESIIFGASSVDFSLSGRLLFGGYNDYTINVWDVLKGARVSILFGHENRVSTLRVSPDGT
AFCSGSWDHTLRIWA    

MAAQEEPAQPGDSLATLKSESDTLKSKLEEERAKLHDVELHQVAEKIEALGQFVMKTRRTLKGHGNKVLCMDWCKDKRRIVSSSQ
DGKVIVWDAFTTR

MCDQTFLAITFGPCDKCSENKPLMNIYLKNEPINYCSLCVEMMACQGLAKGETVQSLKAESESLKAKLEEERAKLHDVELHQVAE
KMEALGQFVMKTRRTLKGHGNKVLCMDWCRDKRRIVSSSQDGKVIVWDAYTTNKEHAVTMPCTWVMACAYAPSGCAVACGGLDNK
CSVYPLSLDKNENLASKKKSVAMHTNYLSSCSFTKSDMQILTSSGDGTCALWDVESGQLLQSFHGHSADVLSLDLAPSETGSTFV
SGGCDKKANVWDMRSGQNVQSFETHDSDINSVKYYPSGDAFASGSDDATCRLYDLRADREVAIYSKDSIIFGASSVDFSLSGRL
LFAGYNDYNINVWDVLKGTRVAILFGHENRVSTVRVSPDGTAFCSGSWDNTLRIWA

MCDQTFLAITFGPCDKCSENKPLMNIYLKNEPINYCSLCVEMMACQGLAKGETVQSLKAESESLKARRREERGESQTTRRRAAS
GGRKDGSSGSVCHEDPSNVKRAWK

A

B

C

D
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Figure S8. Optokinetic response in gnb5 double mutant zebrafish larvae. (A) Schematic of the optokinetic response 

set-up. Larvae at 7 dpf were embedded dorsal side up in a petri dish and placed in the center of an optokinetic drum 

containing circularly-placed plexiglass slides, each illuminated by 5 LEDs at the top and 5 LEDs at the bottom. 2 

LEDs were red (630 nm), 4 LEDs were green (526 nm), and 4 LEDs were blue (458 nm). A light stimulus was rotated 

around the embryo, and changed direction periodically. The intensities of the LEDs were adjusted such that each 

stimulus wavelength delivered an equal amount of quanta, thus generating a white stimulus. Sinusoids with 100% 

contrast, a spatial frequency of 0.014 cycles/deg were rotated around the fish with an angular velocity of 18 deg/

sec. This resulted in a temporal frequency of 0.25 cycles/sec. The average intensity was 16 lux. To avoid habituation 

of the optokinetic response, the stimulus changed direction periodically. It first moved counterclockwise for 12 sec, 

then held still for 3 sec before it moved clockwise for another 12 sec. Eye position and angle were automatically 

tracked over time and translated into graphs. Dashed arrow, rightward rotation; solid arrow, leftward rotation. (B, C) 

Representative optokinetic images and graphs of a wild-type and gnb5 mutant embryo (total recordings wild-type 

N=6, mutants N=6). Red, left eye; blue, right eye.
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Abstract 

Mutations in GNB5, encoding the G-protein β5 subunit (Gβ5), have been recently linked to a 

multisystem disorder that includes severe bradycardia. We here investigated the mechanism 

underlying bradycardia caused by the recessive p.S81L Gβ5 variant. Using CRISPR/Cas9-based 

targeting we generated an isogenic series of human induced pluripotent stem cell (hiPSC) lines that 

were respectively wild-type, heterozygous and homozygous for the GNB5 p.S81L variant. These 

were differentiated into cardiomyocytes (hiPSC-CMs) that robustly expressed the acetylcholine-

activated potassium current (IK,ACh). Baseline electrophysiological properties of the lines did not 

differ. Upon application of carbachol (CCh), homozygous p.S81L hiPSC-CMs displayed an increased 

IK,ACh density and a more pronounced decrease of spontaneous activity as compared to wild-

type and heterozygous p.S81L hiPSC-CMs, explaining the bradycardia in homozygous carriers. 

Application of the specific IK,ACh blocker XEN-R0703 resulted in near-complete reversal of the 

phenotype. Our results provide mechanistic insights and proof of principle for potential therapy in 

patients carrying GNB5 mutations.

Key words: Electrophysiology, Mechanisms, Ion Channels/Membrane Transport, Genetically 

Altered and Transgenic Models, Treatment
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Introduction

Inherited ion channel mutations are an important cause of sinoatrial node (SAN) dysfunction 

in the young.1 The recent identification of rare genetic variants in genes encoding G-protein 

β (Gβ) subunits has expanded the repertoire of causal genes involved in SAN dysfunction 

beyond the previously described ion channel subunit genes.2-5 Gβ subunits are components of 

heterotrimeric G-protein complexes that mediate G-protein coupled receptor signaling involved 

in many processes including slowing of heart rate (HR). Acetylcholine (ACh), released from post-

ganglionic parasympathetic neurons, binds to M2 muscarinic receptors on pacemaker cells and 

atrial myocytes, triggering activation of heterotrimeric G-proteins that dissociate into Gα-GTP 

and Gβγ subunits. Of central importance is the effect of the Gβγ complex on the G protein-

coupled inwardly rectifying K+ (GIRK) channel, which underlies the ACh-activated K+ current 

(IK,ACh). This channel is predominantly expressed in pacemaker cells and atrial myocytes,6 and is 

a heterotetramer consisting of Kir3.1 (encoded by KCNJ3) and Kir3.4 (encoded by KCNJ5) ion 

channel subunits.7 The Gβγ complex activates IK,ACh,
8 which, due to its permeability of K+ ions and 

inwardly rectifying properties,9 results in membrane potential hyperpolarization and slowing of 

diastolic depolarization in SAN cells, thereby decreasing spontaneous activity.10

Recently, we and others reported mutations in GNB5, encoding Gβ5, as a cause of an 

autosomal recessive multisystem disorder including severe bradycardia at young age, necessitating 

pacemaker implantation.2,4,5 As opposed to the other Gβ-subunits, Gβ5 has an inhibitory effect 

on GIRK channels, thereby dampening the parasympathetic response, an effect that involves 

interaction with Regulator of G-protein Signaling (RGS) proteins.11,12 In patients carrying pathogenic 

variants in GNB5 the maximal HR during exercise is unaffected, while severe bradycardia occurs 

at rest, indicating a relation between the mutant GNB5 and parasympathetic state.2 Of the eight 

families described, the majority harbored recessive loss-of-function variants (i.e. nonsense, splice-

site and frameshift),2,4,5 whereas the recessive missense variant c.242C>T p.S81L (NM_006578.3, 

rs761399728) was found in two independent families.2 This missense variant is a low-frequency 

variant in individuals of Latin descent (minor allele frequency ~3.2x10-4) where 1 in ~1500 

individuals is a heterozygous carrier.13

The mechanism by which inherited genetic variation in GNB5 causes excessive bradycardia 

remains unclear. By CRISPR/Cas9-based genome editing, we here generated an isogenic series 

of human induced pluripotent stem cell (hiPSC) lines (wild-type, heterozygous and homozygous 

for Gβ5-S81L), which we differentiated into cardiomyocytes (hiPSC-CMs) that robustly express 

the IK,ACh  channel by applying a retinoic acid (RA)-based protocol. We demonstrate that in the 

homozygous state the S81L variant results in an increased IK,ACh density and in excessive slowing of 

spontaneous activity upon stimulation with the cholinergic agonist carbachol (CCh). We also show 

reversibility of the phenotype by a specific blocker of IK,ACh (XEN-R0703), both in homozygous Gβ5-

S81L hiPSC-CMs and in vivo in a zebrafish gnb5 knockout model, thus presenting proof of principle 

for pharmacological treatment of bradycardia as a consequence of genetic variants in GNB5.
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Methods 

Genetic modification and differentiation of hiPSCs lines into cardiomyocytes
The study was approved by the Medical Ethics Committee of the Amsterdam UMC, location AMC, 

and the University Medical Center Göttingen (Az 21/1/11). Written informed consent was obtained 

from the control individual from whom the hiPSC line was generated. The (GNB5 c.242C>T) Gβ5-

S81L variant was introduced in heterozygous and homozygous state into a previously characterized 

control hiPSC line37 by means of CRISPR/Cas9-based genome editing.38 A detailed description of 

the genetic modification is provided in the Supplemental Methods. The generated isogenic hiPSC 

lines were subject to quality control including the evaluation of expression of the pluripotency 

markers TRA1-81, OCT-4, NANOG, and SSEA4 by immunocytochemistry, the verification of 

integrity of karyotype, and the assessment of sequences at candidate gRNA off-target loci. Details 

are provided in the Supplemental Methods.

HiPSCs were differentiated into cardiomyocytes that robustly express IK,ACh using a previously 

described protocol in chemically defined medium and serum-free and feeder-free conditions.39 

One µmol/l all-trans-retinoic acid (RA; Sigma) was applied during day 4-7 of differentiation to 

promote acquisition of atrial-like fate and expression of the IK,ACh channel.14,15 A metabolic 

selection-based enrichment for hiPSC-CMs was used by applying glucose-depleted culture 

medium containing 4 mmol/l lactate during day 20-26 of differentiation.40 For electrophysiological 

experiments, hiPSC-CM cultures were enzymatically dissociated into single cells and plated at a 

low density on matrigel-coated coverslips.17 All experiments were performed on cells from at 

least 3 independent differentiation replicas.

RT-qPCR
RNA was isolated from the three isogenic hiPSC lines using the Macherey-Nagel NucleoSpin RNA 

II isolation kit following the manufacturer’s instructions. RNA (500 ng) was retro-transcribed using 

SuperScript II Reverse Transcriptase (Life Technologies) and oligo dT primers. To determine transcript 

abundance, quantitative PCR (qPCR) was conducted with SYBR green on a Roche LightCycler 480 

Real-Time PCR System. RNA samples were obtained from three biological differentiation replicas 

with triplicate measurements (technical replicas). Gene expression levels were analyzed using the 

LinReg PCR program.41 TBP (TATA Binding Protein) was used as a reference gene. Primers are listed 

in Supplemental Table S1

Cellular electrophysiology in hiPSC-CMs
Data acquisition. IK,Ach APs were measured using an Axopatch 200B amplifier (Molecular Devices, 

Sunnyvale, CA, USA). Voltage control, data acquisition, and analysis were realized with custom 

software. Pipettes (resistance 2–3 MΩ) were pulled from borosilicate glass capillaries (Harvard 

Apparatus, UK). Cell membrane capacitance (Cm) was calculated and potentials were corrected 

for calculated liquid junction potentials.42 Signals were low-pass-filtered with a cut-off of 5 kHz, 
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and digitized at 40 and 20 kHz for APs and IK,ACh, respectively. 

IK,ACh measurements. IK,ACh was measured at 21±0.2°C using the ruptured patch-clamp 

technique. Bath solution contained (in mmol/l): 145 KCl, 1.0 MgCl2, 1.8 CaCl2, 10 glucose, 5 HEPES, 

pH 7.4 (KOH). Pipettes were filled with solution containing (in mmol/l): 105 K-gluc, 20 KCl, 5 NaCl, 

1 MgCl2, 10 BAPTA (pre-dissolved in KOH), 5 MgATP, 0.3 Na-GTP, 10 HEPES, pH 7.2 (NMDG-OH). 

IK,ACh was elicited at –50 mV by rapidly applying 100 µmol/l CCh (Sigma) using a puffer pipette 

system in close proximity to the patched cell. IK,ACh deactivation time kinetics were measured 

in the presence of 1 mmol/l of atropine, a muscarinic receptor antagonist. Current density 

was calculated by dividing the CCh-elicited current by Cm. Time dependence of activation and 

deactivation were determined by fitting the mono-exponential functions  I/Imax=A×[1−exp(−t/τ)] 

and I/Imax=A×exp(−t/τ), respectively, in which τ is the time constant of activation and deactivation, 

respectively. Desensitization was defined as the percentage of current decay during continuous 

exposure to CCh. Cells that virtually lacked IK,ACh were excluded from analysis. The proportion of 

excluded cells was similar in all groups. 

AP measurements. APs were recorded at 36±0.2°C using the amphotericin-perforated patch-

clamp technique and solutions as described previously.14,15,17,43  APs were elicited at an overdrive 

stimulus frequency of 1 Hz with 3-ms, 1.2× threshold current pulses through the patch pipette. 

APs were recorded under control conditions and after 4-5 minutes of application of 10 µmol/l CCh. 

We analyzed cycle length, MDP, AP amplitude (APAmax), AP plateau amplitude (APAplateau; measured 

20 ms after initiation of the AP upstroke), maximum AP upstroke velocity (Vmax), and AP duration 

at 20, 50 and 80% repolarization (APD20, APD50 and APD80, respectively). Parameters from 10 

consecutive APs were averaged.

Heart rate analysis in gnb5 knockout zebrafish 
Zebrafish experiments were conducted in accordance with the local ethical guidelines and 

approved by the Ethics Committee of the Royal Netherlands Academy of Arts and Sciences. Fishes 

were housed under standard conditions as previously described.44 Fish with a homozygous loss-

of-function mutation in gnb5a and a heterozygous loss-of-function mutation in gnb5b (gnb5a-/- 
gnb5b+/‑) were crossed to obtain double knockout mutants (gnb5a-/- gnb5b-/-; referred to as 

gnb5 knockout) as described previously.2 Embryos at 5 days post-fertilization were embedded in 

0.3% agarose (UltraPure, ThermoFisher) prepared in E3 medium containing 16 mg/ml Tricaine. 

Measurements were performed at 28°C using an inverted light microscope with climate chamber 

and a high-speed CCD camera (Hamamatsu Photonics K.K., Hamamatsu City, Japan). HR was 

analyzed using ImageJ (National Institutes of Health, Bethesda, Maryland, USA).

Computer simulations
The spontaneous electrical activity of a single human SAN pacemaker cell was simulated using the 

comprehensive mathematical model that was recently developed by Fabbri et al.ref The electrical 

activity of a single human atrial cell was simulated using the model by Maleckar et al.,45 which was 
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selected because it includes well-validated equations for IK,ACh.
22 Further details are provided in the 

Supplemental Methods.

Statistical analyses
Statistical analysis was performed in IBM SPSS statistics 24 and GraphPad Prism 7. Data are 

presented as mean±SEM, unless stated otherwise. For non-normally distributed parameters, data 

are presented as boxplots, in which boxes represent lower quartile, median and upper quartile 

and whiskers 1.5x interquartile range. Parameters were tested for normal distribution and equality 

of variance with the Shapiro-Wilk and Levene’s test, respectively. In case of normally distributed 

data, two-sided t-tests or paired t-tests were performed for 2 groups and one-way ANOVA, 

followed by post-hoc Holm-Sidak tests for >2 groups. In case of a non-normal distribution, Mann-

Whitney U tests or Wilcoxon rank tests were used for 2 groups and Kruskal-Wallis tests, followed 

by Bonferroni corrected pairwise comparisons for >2 groups. To test for differences in proportions, 

a Chi-Square test was used. In hiPSC-CMs, drug effects and effects of CCh were tested by one-way 

or two-way repeated measures ANOVA, respectively, followed by Holm-Sidak post-hoc tests or 

Bonferroni corrected pairwise comparisons, respectively. In zebrafish, the effect of XEN-R0703 

was evaluated by two-way repeated measures ANOVA, followed by post-hoc Bonferroni corrected 

pairwise comparisons. P<0.05 defines statistical significance.

Results 

Generation of Gβ5-S81L heterozygous and homozygous hiPSCs
To evaluate the electrophysiological consequences of the Gβ5-S81L variant we introduced it into a 

control hiPSC line by means of CRISPR/Cas9 based genome editing, generating an isogenic series 

consisting of wild-type, heterozygous and homozygous Gβ5-S81L hiPSC lines (hereafter annotated 

as WT, S81Lhet and S81Lhomo, respectively) (Supplemental Figure 1A-C). All cell lines maintained 

expression of the pluripotency markers TRA1-81, OCT4, NANOG and SSEA4 (Supplemental Figure 

1D-E, Table S2), exhibited a normal karyotype (Supplemental Figure 1F-G) and showed unmodified 

sequences at candidate gRNA off-target loci (Supplemental Table S3). Data were generated from 

one clone per each kind of genotype. Relevant results were also confirmed in a second S81Lhomo 

clone.

Generation of hiPSC-CMs in presence of RA results in a functional IK,ACh 

To study the effect of the Gβ5-S81L variant on IK,ACh, we differentiated the three isogenic hiPSC 

lines into hiPSC-CMs using an RA-based differentiation protocol that promotes acquisition of 

atrial-like fate with robust expression of IK,ACh. In line with our previous observations14,15, we found 

in WT hiPSC-CMs that the atria-enriched transcripts NPPA and NR2F2 were upregulated upon 

RA treatment, as was the transcript of KCNJ3, encoding Kir3.1 (Figure 1A). In both DMSO- and 
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RA-treated WT hiPSC-CMs, we observed spontaneously active cells. Spontaneous activity is a 

consistent finding in hiPSC-CMs16 due to an (almost) complete lack of inwardly rectifying K+ current 

(IK1)
17 and presence of the hyperpolarization-activated inward current (If)

18 and ‘Ca2+ clock’.19 For 

action potential (AP) measurements, we selected cells with a high beating rate (>1 Hz) to evaluate 
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Figure 1. Application of retinoic acid (RA) to differentiating hiPSCs results in cardiomyocytes (CMs) that exhibit a 

robust acetylcholine-activated K+ current (IK,ACh). A, Transcript expression of genes in RA-treated hiPSC-CMs relative 

to expression in DMSO-treated hiPSC-CMs using 3 biological replicates, normalized to TBP. RA-treatment enhanced 

expression of the genes KCNJ3, NPPA, and NR2F2. *P<0.05 (two-sided t-tests). B, Typical IK,ACh traces in DMSO- and 

RA-treated hiPSC-CMs initiated by fast application of 100 µmol/l carbachol (CCh). After reaching steady-state, 

addition of 1 mmol/l atropine achieves instant removal of CCh from muscarinic receptors and deactivation of the 

current. In DMSO-treated hiPSC-CMs, IK,ACh was not detected, while RA-treated hiPSC-CMs all demonstrated a robust 

current (for average data, see Figure 2). C, Typical spontaneous action potentials (APs) of DMSO- and RA-treated 

hiPSC-CMs at baseline and upon addition of 10 µmol/l CCh. D and E, Frequency of spontaneous APs (D) and maximal 

diastolic potential (MDP; E)  of each cell at baseline and in presence of CCh in DMSO- and RA-treated hiPSC-CMs. 

*P<0.05 (two-way ANOVA)
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the effects of CCh on beating frequency and cells with a low beating rate (< 1 Hz) to assess AP 

properties with and without CCh at a fixed pacing rate of 1 Hz. As reported previously,15 RA-treated 

WT hiPSC-CMs displayed shorter APs with a lower plateau as compared to DMSO-treated WT 

hiPSC-CMs, both during spontaneous activity and when paced at 1 Hz, thus showing a more 

atrial-like AP morphology. In voltage-clamp experiments, we confirmed the presence of IK,ACh in 

RA-treated WT hiPSC-CMs. By applying CCh, a robust current could be evoked in RA-treated and 

not in DMSO-treated WT hiPSC-CMs (Figure 1B). This IK,ACh deactivated upon rapid addition of 

the muscarinic antagonist atropine (Figure 1B). Functional IK,ACh effects on spontaneous activity 

were subsequently demonstrated by AP measurements in spontaneously fast beating hiPSC-CMs. 

Figure 1C shows typical examples; effects on frequency and maximal diastolic potential (MDP) 

C
ur

re
nt

 d
en

si
ty

 (p
A

/p
F)

A CCh Atropine

CCh Atropine

WT

S81Lhet

B
80

60

40

20

0
WT

(n=27)
S81Lhet

(n=11)
S81Lhomo

(n=20)

C

A
ct

iv
at

io
n 

τ 
(s

)

5

4

3

2

1

0

0
WT

(n=27)
S81Lhet

(n=11)
S81Lhomo

(n=20)
WT

(n=3)
S81Lhet

(n=6)
S81Lhomo

(n=5)

WT
(n=27)

S81Lhet

(n=11)
S81Lhomo

(n=20)

S81Lhomo

100 pA

10 s

In
ac

tiv
at

io
n 

τ 
(s

)

D 10

8

6

4

2

0

80

60

40

20

0

E

F

R
el

at
iv

e 
ge

ne
 e

xp
re

ss
io

n

4

3

2

1

0
KCNJ3 KCNJ5 RGS6 GNB5

WT

S81Lhet

S81Lhomo

Figure 2. Impact of the Gβ5-S81L variant on IK,ACh in RA-treated hiPSC-CMs. (A) Typical recordings and (B) 

average IK,ACh density in WT, S81Lhet, and S81Lhomo hiPSC-CMs. Average IK,ACh density is increased in S81Lhomo hiPSC-

CMs compared to WT and S81Lhet hiPSC-CMs. *P<0.05 (Kruskal-Wallis non-parametric test, followed by Bonferroni 

post-hoc analysis). (C) Time constant (τ) of IK,ACh activation and (D) deactivation. (E) Percentage of desensitization, 

measured as the percentage of IK,ACh decrease at steady-state upon continuous CCh application. (F) Transcript level 

of the genes involved in G-protein-coupled activation of IK,ACh. Data are from 3 biological differentiation replicas and 

expression level of each gene is indicated as relative to its expression in WT hiPSC-CMs of each gene.
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are summarized in Figure 1, D and E, respectively. In RA-treated hiPSC-CMs, but not in DMSO-

treated hiPSC-CMs, application of CCh caused a significant slowing of spontaneous activity due to 

hyperpolarization of the maximal diastolic potential (MDP) and a slower diastolic depolarization 

rate. Thus, RA-treated hiPSC-CMs display an atrial-like phenotype with functional presence of IK,ACh 

in line with previous observations,14,15 confirming that these cells are indeed suitable to study the 

electrophysiological effects of the Gβ5-S81L variant on IK,ACh.

IK,ACh density is increased in S81Lhomo hiPSC-CMs
Having established the presence and relevance of IK,ACh in our RA-treated hiPSC-CM model, we 

next compared the properties of IK,ACh in the isogenic WT, S81Lhet and S81Lhomo hiPSC-CMs. Figure 
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Figure 3. CCh induces more pronounced effects in S81Lhomo compared to WT and S81Lhet RA-treated hiPSC-CMs. 
(A) Representative spontaneous APs at baseline (left) and upon 10 µmol/l CCh (right) in WT, S81Lhet and S81Lhomo 

RA-treated hiPSC-CMs. The slanted arrows near the APs in presence of CCh indicate the last AP before cessation 

of spontaneous activity. (B) Average beating frequencies before and during application of CCh. **P<0.01 (two-way 

repeated measures ANOVA and post-hoc Bonferroni corrected pairwise comparison). (C) Proportion of WT, S81Lhet 

and S81Lhomo hiPSC-CMs that became quiescent upon application of CCh. **P<0.01 (Chi-Square test, followed by 

Bonferroni corrected pairwise comparisons). (D) Representative APs (1 Hz) before and after the application of CCh. 

(E) Average change in MDP upon addition of CCh. *P<0.05 and **P<0.01 (one-way ANOVA, post-hoc Holm-Sidak 

test).
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Baseline 10 µmol/l CCh

WT S81Lhet S81Lhomo WT S81Lhet S81Lhomo

MMDP* (mV) -69.8±1.4 -69.1±1.8 -70.2±1.7 -72.5±1.4# -72.4±1.7# -76.1±1.6#

AAPAmax (mV) 83.4±4.5 84.9±5.0 88.6±3.1 88.7±4.3# 88.0±4.7 98.3±3.2#

VVmax (V/s) 65±17 28±15 59±18 97±21# 52±20 124±27#

AAPD20 * (ms) 23.2±36.4 30.4±33.3 30.5±7.2 23.7±46.7 29.8±33.3 23.1±20.8#

AAPD50 (ms) 49.6±47.0 50.3±46.2 55.8±15.2 41.2±57.6 48.9±51.0 44.0±37.5#

AAPD80 (ms) 79.3±63.6 69.5±63.1 73.6±19.5 73.4±74.0 66.8±58.3 60.0±34.8

AAPAplateau (mV) 64.2±6.4 70.8±8.5 79.2±2.7 65.4±6.6 71.3±8.7 76.1±3.9

Table 2. Action potential (AP) parameters (1 Hz) in WT, S81Lhet and S81Lhomo hiPSC-CMs. Data are mean±SEM, 

except AP durations which are median±IQR. Number of cells are and 17, 10, 13 for WT, S81Lhet, S81Lhomo, respectively. 

MDP, maximal diastolic potential; APAmax, maximal AP amplitude; Vmax, maximum upstroke velocity; APD20, APD50, 

APD80, AP duration at 20, 50 and 80% of repolarization, respectively; APAplateau, AP plateau amplitude. #P<0.05 

compared to baseline (paired t-test or Wilcoxon Signed Rank test); *P<0.05 interaction effect for CCh (two-way 

repeated measures ANOVA).

WT 
(n=12)

S81Lhet 
(n=10)

S81Lhomo 
(n=13)

MDP (mV) −68.5±0.6 −69.3±1.3 −70.2±1.8

APA (mV) 94.7±4.6 86.5±4.9 85.6±4.9

Vmax (V/s) 40.9±9.9 28.3±8.2 32.9±8.9

APD20 (ms) 45.3±5.7 49.4±12.7 39.0±4.4

APD50 (ms) 81.5±9.7 82.4±19.2 66.6±6.5

APD80 (ms) 109.0±12.6 103.8±19.5 88.8±8.4

APAplateau (mV) 86.1±4.8 75.0±7.7 77.9±5.5

Table 1. Action potential (AP) parameters in WT, S81Lhet and S81Lhomo at baseline in spontaneously fast beating 

hiPSC-CMs. Data are mean±SEM. MDP, maximal diastolic potential; APAmax, maximal AP amplitude; Vmax, maximal 

upstroke velocity; APD20, APD50, APD80, AP duration at 20, 50, and 80% of repolarization, respectively; APAplateau, AP 

plateau amplitude. 
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2A shows typical examples of IK,ACh measurements. IK,ACh density was significantly higher in S81Lhomo 

hiPSC-CMs compared to S81Lhet and WT (Figure 2B). Moreover, activation and deactivation time 

constants were not significantly different between groups (Figure 2C-D). In addition, desensitization 

was similar between groups (Figure 2E). No significant differences were observed in KCNJ3, KCNJ5, 
RGS6, and GNB5 transcript abundance across the WT, S81Lhet and S81Lhomo lines, indicating that 

the increased IK,ACh density in S81Lhomo hiPSC-CMs was not due to altered expression of these genes 

(Figure 2F). Thus, homozygous presence of the Gβ5-S81L variant increases IK,ACh density without 

changes in transcript level or kinetics.

S81Lhomo hiPSC-CMs demonstrate a severe reduction in beating frequency upon CCh application
Subsequently, we evaluated the effects of IK,ACh  activation on APs of WT, S81Lhet and S81Lhomo 

hiPSC-CMs. Figure 3A shows typical APs of spontaneously fast beating hiPSC-CMs. Baseline AP 

parameters, i.e. in absence of CCh, were similar between the three groups (Figure 3A, and Table 

1), with exception of a slightly higher spontaneous beating frequency in S81Lhet hiPSC-CMs (Figure 
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Figure 4. CCh induces an extreme slowing of 
spontaneous beating in S81Lhomo hiPSC-CMs, which is 
largely suppressed by IK,ACh blockade through XEN-R0703. 
(A) Typical APs of an S81Lhomo hiPSC-CM at baseline (top), 

upon application of 10 µmol/l CCh (middle), and upon 

addition of 1 µmol/l XEN-R0703 in presence of 10 µmol/l 

CCh (bottom). (B) Effects of CCh and XEN-R0703 on 

spontaneous AP frequency in four S81Lhomo hiPSC-CMs. 

*P<0.05 (one-way repeated measures ANOVA followed by 

post-hoc Holm-Sidak test).
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3B, indicating that baseline electrophysiological properties are unaffected by the Gβ5 S81L variant. 

IK,ACh activation by CCh induced a reduction in spontaneous beating frequency in all three hiPSC-CM 

lines, which was much more pronounced in S81Lhomo compared to WT hiPSC-CMs (Figure 3A-C). In 

fact, 79% of the S81Lhomo hiPSC-CMs became quiescent, while S81Lhet and WT hiPSC-CMs reached 

a quiescent state in 44 and 10% of the cells, respectively (Figure 3C). This main finding in S81Lhomo 

hiPSC-CM was confirmed in a second independent S81Lhomo clone. In this independent clone, 71% 

of the spontaneously beating S81Lhomo hiPSC-CMs (n=7) became quiescent upon application of CCh. 
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high-speed imaging of the zebrafish heart. HR was recorded at 150 fps for 10 seconds. (B) Time schedule of drug 

treatment and CCh challenge in gnb5 knockout larvae. (C) Scatter dot plots with mean of HR of gnb5 knockout larvae 

5 days post-fertilization at basal level, after treatment with 50 µmol/l XEN-R0703 or DMSO, and upon application of 

500 µmol/l CCh. **P<0.01, ***P<0.001, ****P<0.0001 (two-way repeated measures ANOVA followed by Bonferroni 

corrected pairwise comparisons). D, Percentage of gnb5 knockout larvae that responded to 500 µmol/l CCh with a 

decrease in HR of 0-25, 26-50, 51-75, or 76-100%.
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The higher amount of spontaneous activity cessation in S81Lhomo hiPSC-CMs is in agreement with 

the observed increased IK,ACh density. Due to the termination of the spontaneous activity, however, 

we were unable to determine the effects on AP characteristics. Therefore, we also assessed the 

effects of IK,ACh activation on APs in slow beating hiPSC-CMs stimulated at an overdrive stimulus 

frequency of 1 Hz. In absence of CCh, AP parameters were not different between WT, S81Lhet 

and S81Lhomo hiPSC-CMs (Table 2). This further shows that the Gβ5-S81L variant does not affect 

electrophysiological properties at baseline conditions. Upon addition of CCh, a significant MDP 

hyperpolarization was observed in all three groups (Figure 3D; Table 2). In S81Lhomo hiPSC-CMs 

however, hyperpolarization was more pronounced as compared to the other two groups (Figure 

3E; Table 1). Furthermore, S81Lhomo hiPSC-CMs displayed a more pronounced shortening of APD20 

(Table 2. This suggests that the AP configuration is only seriously affected by IK,ACh in hiPSC-CMs if 
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Figure 6. ACh induces more pronounced effects in S81Lhomo compared to WT simulated human SAN pacemaker 
cells. (A–C) Spontaneous action potentials (blue lines) and associated net membrane current (Inet, grey lines), 

hyperpolarization-activated ‘funny current’ (If, green lines), and IK,ACh (red lines) in (A) a WT human SAN pacemaker 

cell at baseline, (B) upon addition of 10 nmol/l ACh, and (C) upon addition of 10 nmol/l ACh in the presence of 

XEN-R0703. (D–F) Spontaneous action potentials and associated Inet, If, and IK,ACh in an S81Lhomo human SAN pacemaker 

cell at (D) baseline, (E) upon addition of 10 nmol/l ACh, and (F) upon addition of 10 nmol/l ACh in the presence of 

XEN-R0703 (F).
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IK,ACh densities are large. Thus, while AP parameters in absence of CCh were largely identical in the 

three hiPSC-CMs lines, the S81Lhomo line demonstrated a more pronounced effect of CCh in terms 

of cellular hyperpolarization, AP shortening, and slowing of spontaneous beating, which is in line 

with both the increased IK,ACh density and the bradycardia exhibited only by homozygous Gβ5 S81L 

patients.2

Pharmacological IK,Ach blockade rescues bradycardia in S81Lhomo hiPSC-CMs and gnb5 knockout 
zebrafish
Given the observed increased IK,ACh density in S81Lhomo hiPSC-CMs, selective blockers of IK,ACh may 

provide a useful pharmacological treatment for patients with Gβ5 genetic defects. We tested this 

hypothesis in our hiPSC-CMs as well as in vivo in gnb5 knockout zebrafish that we generated 

previously.2

IK,ACh blockade in hiPSC-CMs. We evaluated possible pharmacological rescue of the phenotype 

in S81Lhomo hiPSC-CMs using the selective IK,ACh blocker XEN-R0703.14 Figure 4A shows typical 

examples of spontaneous activity at baseline (top panel), in presence of CCh (middle panel), and 

in presence of CCh and XEN-R0703 (bottom panel). Addition of 1 µmol/l XEN-R0703 in presence 

of 10 µmol/l CCh resulted in an almost complete reversal of the effects of CCh on spontaneous 

activity. This indicates that the drug is efficient in reversing the enhanced reduction of automaticity 

in S81Lhomo hiPSC-CMs (Figure 4B). 

IK,ACh blockade in zebrafish. We also tested XEN-R0703 in an in vivo gnb5 knockout zebrafish 

model that faithfully recapitulated the phenotypical spectrum of patients with pathogenic 

variants in GNB5, including bradycardia (for details, see Lodder et al.2). In short, CCh led to a 

strong decrease in HR in gnb5 knockout zebrafish, while little effect was observed in wild-type 

and sibling larvae.2 To study the effect of XEN-R0703, HR of gnb5 knockout zebrafish was first 

recorded at baseline, then after the administration of 50 µmol/l XEN-R0703 or DMSO, and lastly 

after challenging larvae with 500 µmol/l CCh (Figure 5B). The used concentrations are higher than 

in our patch-clamp assay because the zebrafish assay is considerably less sensitive.20 While most 

larvae in the DMSO control group responded to CCh with a severe decrease in HR, the larvae 

pretreated with XEN-R0703 had a markedly lower sensitivity to CCh (Figure 5C). The response 

to CCh was calculated for each individual fish and the outcomes subdivided into categories of 

0-25%, 26-50%, 51-75% and 75-100% decrease in HR. A 0-25% decrease in HR was considered 

physiological, whereas 26-100% was considered pathological. While 85% of the DMSO treated 

gnb5 knockout fish showed a pathological decrease in HR, only 27% of fish pretreated with 

XEN-R0703 showed such a reduction (Figure 5D). Together, these results demonstrate that IK,ACh 

blockade largely rescues CCh-induced bradycardia in gnb5 knockout zebrafish.

Predicted effects of the homozygous Gβ5-S81L variant in computational models of a SAN and 
an atrial cell
To evaluate whether the observed increase in IK,ACh density, associated with the homozygous 
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variant, is the major contributor to the generation of excessive bradycardia, we conducted 

computer simulations using mathematical models of both a SAN pacemaker cells and an atrial 

cell21,22. We implemented a threefold increase in IK,ACh density, as observed in our experiments 

in S81Lhomo hiPSC-CMs (Figure 2B). In the wild-type human SAN model, application of ACh at a 

concentration of 10 nmol/l activated IK,ACh and inhibited the hyperpolarization-activated current (If), 

resulting in a decrease in depolarizing net current (Inet) during diastole. Consequently, beating rate 
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decreased from 74 to 58 bpm (Figure 6A-B). However, implementing a threefold increased IK,ACh 

density, which simulates the homozygous Gβ5-S81L variant effects, resulted in a dramatic slowing 

of beating rate (from 74 to 17 bpm) (Figure 6D-E). Additionally, IK,ACh  blockade, which simulates the 

pharmacological effects of XEN-R0703, largely, but incompletely, reversed ACh effects (Figure 6C, 

F). These findings closely resemble those obtained in S81Lhomo hiPSC-CMs, demonstrating that the 

threefold increase in IK,ACh  density is sufficient to induce the bradycardic phenotype. Furthermore, 

the effect of ACh/CCh on If, as also exists in real SAN cells,23 may explain the incomplete rescue of 

beating frequency by XEN-0703 in the mutant zebrafish and hiPSC-CMs.

One may argue that the Gβ5 S81L variant further suppresses pacemaker activity by reducing 

the excitability of the atrial tissue surrounding the SAN through a more pronounced membrane 

hyperpolarization by CCh/ACh, as we observed in S81Lhomo hiPSC-CMs (Figure 3E). This was 

assessed in simulations of a human atrial cardiomyocyte. At baseline, the wild-type model cell 

exhibits an MDP of −74.1 mV, which becomes hyperpolarized by 5.3 mV upon application of 

10 nmol/l ACh (Figure 7A, top, and Figure 7C) as a result of the activation of IK,ACh (Figure 7A, 

bottom). Due to the hyperpolarization, the threshold stimulus current amplitude increases by 

29% (from 14.6 pA/pF at baseline to 18.9 pA/pF) (Figure 7D). After implementing the threefold 

increase in IK,ACh density (Figure 7B), the ACh-induced hyperpolarization is larger (7.2 mV) as is 

the increase in threshold stimulus current (53%). Qualitatively similar observations are made at 

other concentrations of ACh (Figure 7C-D). Thus, the homozygous Gβ5-S81L variant likely does 

not only slow pacemaker activity of SAN cells, but also reduces excitability of atrial cells, as such 

contributing to the bradycardic phenotype in patients. 

Discussion

Genetic variants in GNB5, encoding Gβ5, have been linked to an autosomal recessive 

multisystem disorder that includes severe bradycardia at rest. The mechanism by which inherited 

genetic variation in GNB5 causes bradycardia has remained unexplored. We here conducted 

electrophysiological studies in hiPSC-CMs that were genome-edited for the Gβ5-S81L variant to 

uncover the cellular mechanism underlying the bradycardia. We demonstrated that this variant 

causes a more pronounced slowing of beating rate by means of an increase IK,Ach density in 

response to cholinergic stimulation. Furthermore, we showed that this effect in hiPSC-CMs, as 

well as the effect of cholinergic-induced bradycardia in gnb5 knockout zebrafish, can be rescued 

by the specific IK,ACh blocker XEN-R0703. 

The cholinergic-gated K+ current IK,ACh is involved in the negative chronotropic effect of the 

parasympathetic nervous system on heart rate.24 It is an inwardly rectifier K+ current,9 and its 

activation results in an outward current leading to membrane hyperpolarization, AP shortening, 

and slowing of beating rate.10 The increased IK,Ach density that we observed in S81Lhomo hiPSC-CMs 

in response to cholinergic stimulation is thus a plausible explanation for the more pronounced 



Genetic variation in GNB5 causes bradycardia by increasing I            augmenting cholinergic response

133

5

K,ACh

slowing of beating rate and hyperpolarization we observed in these cells. Besides SAN cells, IKA,Ch 

is also expressed in atrial cardiomyocytes.6 This raises the possibility that the increase in IK,ACh as 

a consequence of Gβ5-S81L homozygosity may also contribute to bradycardia during increased 

vagal tone by reducing the excitability of the atrium. Decreased atrial excitability favours SAN-

exit block due to source-to-sink mismatch, eventually resulting in SAN pauses and bradycardia.25 

Indeed, the computer simulation studies that we conducted in an atrial cardiomyocyte model 

revealed a decreased excitability in cells in which the experimentally observed increase in IK,ACh was 

implemented. Thus, apart from a direct effect on intrinsic pacemaker function, a more pronounced 

atrial hyperpolarization due to increased IK,ACh may also contribute to the phenotype of homozygous 

Gβ5-S81L variant carriers. The fact that the defect associated with the Gβ5-S81L variant in hiPSC-

CMs became apparent only upon cholinergic stimulation is in line with clinical findings. Patients 

homozygous for this variant suffer from severe reduction of minimum HR (dependent on the 

parasympathetic tone) while maximum HR (chronotropic competence) is normal.2 Furthermore, 

the finding that S81Lhet hiPSC-CMs exhibit a similar IK,ACh density and a similar response to CCh 

compared to WT hiPSC-CMs is in line with the unaffected heterozygous carriers.2

The binding of ACh to M2 muscarinic receptors triggers the activation of heterotrimeric 

G-proteins that dissociate into Gα-GTP and Gβγ subunits. While Gβ1-β4/γ complexes function to 

activate GIRK channels, Gβ5 has an inhibitory effect on these channels.11 Gβ5 associates with RGS 

proteins of the R7 family, with RGS6 being the most abundant RGS in cardiomyocytes. Gβ5-RGS 

complexes promote the hydrolysis of  Gα-GTP to Gα-GDP which then reassociates with Gβ1-β4/γ, 

likely relieving the activatory effect of the Gβ1-β4/γ on the GIRK channel.26 In a heterologous model 

of neuronal dopamine receptor-mediated signalling, Shamseldin and colleagues showed that Gβ5-

S81L leads to loss-of-function of Gβ5-RGS complexes, which presumably decreases the inhibitory 

reassociation of Gα-GDP with the βγ complexes during the termination response.27 Conversely, a 

decreased rate of IK,ACh deactivation was previously reported in both Rgs6-/- and Gnb5-/- mice12,28,29, 

however the mechanism by which decreased deactivation rate of IK,ACh affects HR in the absence 

of changes in density remains unclear. In the present study, we did not find kinetic changes in IK,Ach 

as a consequence of the Gβ5-S81L variant. Notwithstanding, the augmented IK,ACh that we observe 

is in line with the HR-reducing effect of the variant, as substantiated by our computer simulations. 

IK,ACh augmentation as a disease mechanism is also operative during atrial fibrillation.30 

IK,ACh blockers have been developed to treat atrial fibrillation, though so far with disappointing 

results.31 We demonstrated the potential of the IK,ACh blocker XEN-R0703 by showing an almost 

complete rescue of the CCh-triggered decrease in beating frequency in S81Lhomo hiPSC-CMs and by 

demonstrating rescue of CCh-induced bradycardia in vivo in gnb5 knockout zebrafish. Therefore, 

as previously suggested in mice,32 our current study provides a possible new application for IKACh 

blockers as a therapy for bradycardia in patients carrying mutations in GNB5, which may substitute 

or postpone pacemaker treatment.

hiPSC-CMs have become increasingly used to study ion channel variants causing inherited 

arrhythmia syndromes.33,34 Yet, differentiation protocols that have been used thus far in disease 
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modelling generate primarily ventricular-like cardiomyocytes.14 We here investigated for the first 

time the effects of a human genetic variant in a signal transduction component utilizing a specific 

differentiation protocol that enriches for hiPSC-CMs expressing IK,ACh, a current active in SAN and 

atrial cells. This cellular model enabled us to study the effect of genetic variation in a component 

of a G-protein coupled receptor signalling cascade that impacts on ion channel function, rather 

than genetic variation within the ion channel itself, further underscoring the potential of this 

model. The introduction of the genetic variant in both the heterozygous and the homozygous 

state allowed us to compare the effect of different dosages of the variant, which matched the 

phenotype observed in heterozygous and homozygous S81Lhomo carriers. 

While the effect of the mutation on the IK,ACh current that we uncovered can explain the 

bradycardia phenotype of the patients, we have not studied the effect of the Gβ5-S81L variant in 

‘pacemaker-like’ cells derived from hiPSCs.35,36 Furthermore, we focused on the effects of the Gβ5-

S81L variant on intrinsic cardiomyocyte electrophysiological properties. GNB5 is also expressed in 

neurons and we therefore cannot exclude the possibility of an effect of the variant on the beating 

rate through its effect in central or peripheral neurons. Finally, baseline AP properties were not 

different between groups, suggesting that the Gβ5-S81L variant does not affect ion currents 

at baseline. However, we cannot exclude effects on other ion currents which are modulated 

by CCh that may contribute to the bradycardic phenotype as well. Nonetheless, our modelling 

study demonstrated that the effect of the variant on IKA,Ch density is the main contributor to the 

reduction of the beating rate at the cardiomyocyte level and that blockade of the channel almost 

completely reverses the bradycardic phenotype. 

We studied for the first time the cellular electrophysiological consequences of human 

genetic variation in GNB5. We demonstrated that the Gβ5-S81L variant in the homozygous state 

results in an increased IK,ACh density upon muscarinic receptor stimulation and excessive slowing 

of spontaneous activity, a plausible mechanism for the bradycardia observed in the patients. 

Pharmacological IK,ACh blockade rescues the phenotype in a cellular and an in vivo model, pointing 

to a possible therapy for bradycardia in patients carrying pathogenic variants in GNB5. 

Non-standard abbreviations and acronyms
ACh – acethylcholine

AP – action potential

APAmax – AP amplitude

APAplateau – AP plateau amplitude

APD20 – AP duration at 20% repolarization

APD50 – AP duration at 50% repolarization

APD80 – AP duration at 80% repolarization

CCh – carbachol

EK – reversal potential for K+ ions
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GNB5 – G-protein subunit β5 (gene)

Gβ5 – guanine nucleotide-binding protein subunit β5 (protein)

GAP – GTPase-activating

GIRK channel – G protein-coupled inwardly-rectifying K+ channel

hiPSC-CMs – human induced pluripotent stem cell-derived cardiomyocytes

HR – heart rate

IK,ACh – acetylcholine-activated K+ current 

If – hyperpolarization-activated inward current 

ICa,L – L-type Ca2+ current 

IK1 – inwardly rectifying K+ current

Inet – net membrane current

MDP – maximal diastolic potential

RA – retinoic acid

RGS – Regulator of G-protein

SAN – sinoatrial node

Vmax – maximum AP upstroke velocity
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Supplemental Methods

Genetic modification of hiPSCs 
The c.242C>T S81L GNB5 mutation was inserted into a control hiPSC line by means of clustered 

regularly interspaced short palindromic repeat (CRISPR)/Cas9 technology according to a previously 

published protocol. Briefly, we inserted the GNB5-targeting gRNA sequence into the pSPCas9(BB)-

2a-GFP vector as described previously.1 Next, 4 μg of the gRNA expressing vector and 4 µg of a 

single strand-oligodeoxynucleotide (ssODN) carrying: (1) the c.242C>T mutation, (2) a total of 96 

nucleotides of homologous sequence flanking the mutation site, and (3) a synonymous mutation 

that generates a HindIII restriction site (Supplemental Figure 1B), were inserted into hiPSCs by 

nucleofection using the Lonza Amaxa 2b Nucleofector Device and the Stem Cell Nucleofector I Kit 

according to manufacturer’s protocol (Supplemental Figure 1A). Restriction analysis was used to 

verify the presence of cells carrying the homologous recombination event in the whole population 

of transfected cells. Transfected cells were subsequently selected by fluorescent-activated cell 

sorting (FACS) and seeded at a low density (limiting dilution) to achieve monoclonal growth. 

Separate clones were isolated, expanded and screened for the presence of the GNB5 mutation by 

Sanger sequencing. Both heterozygous and homozygous clones carrying the S81L GNB5 mutation 

were expanded and stored. Of the successfully targeted clones that we subsequently used in our 

study, a region of approximately 1000 nucleotides surrounding the gRNA target site was screened 

by sequencing. To screen for specific mutations caused by the Cas9 protein, putative off-targets 

were identified using the CRISPR Finder online tool,2 which, based on the gRNA sequence, 

proposed 3 candidate genomic loci that exhibited 3 mismatches with the gRNA, while no off-target 

loci with 2 or 1 mismatches were found. Screening of these regions was performed by Sanger 

sequencing and found to be unaltered. Moreover, we confirmed the expression of pluripotency 

markers (see Supplemental Table S1 for the applied antibodies) in the targeted hiPSC clones by 

immunocytochemistry (Supplemental Figure 1D-E) as described previously.3 Karyotype analysis 

was performed by COBRA Fish technique4 for the wild-type (WT) and S81Lhet hiPSC line and by 

G-banding for the S81Lhomo hiPSC line.

Computer simulations
The spontaneous electrical activity of a single human SA nodal pacemaker cell was simulated 

using the comprehensive mathematical model that was recently developed by Fabbri et al.4 In this 

Fabbri-Severi model, acetylcholine (ACh) does not only activate the ACh-activated K+ current (IK,ACh), 

but also inhibits the hyperpolarization-activated ‘funny current’ (If), through a hyperpolarizing 

shift in its voltage dependence of activation (thus shifting the half-activation voltage of If to a 

more negative value). Furthermore, ACh inhibits the L-type Ca2+ current (ICa,L) and the sarco/

endoplasmic reticulum Ca2+-ATPase (SERCA pump), which regulates the Ca2+ uptake into the 

sarcoplasmic reticulum. Under control conditions, the simulated administration of 10 nmol/l ACh 

leads to a 21% reduction in pacemaking rate from 74 to 58 beats/min. Of note, the inhibition of 
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If and activation of IK,ACh are the major determinants of this rate slowdown, whereas the inhibiting 

effects on ICa,L and the SERCA pump only play a minor role.5

For simulations of a single human atrial cell, we used the model by Maleckar et al.6 The latter 

model, which is also known as the ‘human atrial myocyte with new repolarization’ (hAMr) model, 

was selected because it includes well-validated equations for IK,ACh.
7 Action potentials were elicited 

with a 2 ms, ≈50% suprathreshold stimulus current at a frequency of 1 Hz. The threshold stimulus 

current amplitude was determined by increasing the stimulus current amplitude in 0.1 pA/pF 

steps until a train of 100 action potentials could successfully be elicited. To prevent slow drifts in 

ion concentrations, the intracellular Na+ and K+ concentrations were fixed, as were the cleft ion 

concentrations.

The CellML code of both models, as available from the CellML Model Repository,8 was 

edited and run in version 0.9.31.1409 of the Windows based Cellular Open Resource (COR) 

environment.8 In both models, the S81Lhomo mutation was simulated through a threefold increase 

in the conductance of IK,ACh, based on the experimental observations of Figure 2. All simulations 

were run for a sufficiently long time, i.e. for the duration of a train of 200 action potentials, to 

reach steady-state behavior.
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Supplemental figures and tables

A B C

D E

Wildtype hiPSCs

Gene editing with

CRISPR/Cas9

GNB5 S81Lhet GNB5 S81Lhomo

GNB5
transcript

c.242C>T

AGATAAGAGGAGGATCGTGAGCTCGTCACAGgtatgtcacacctgc

...AGATAAGAGGAGGATCGTAAGCTTGTCACAGgtatgtcacacctgc...ssODN (100 nt)

A G C T C G T C A

A G C T C/T G T C A

A G C T T G T C A

S S/L S

DAPI TRA1-81 OCT4 DAPI NANOG DAPI SSEA4 DAPI TRA1-81 OCT4 DAPI NANOG DAPI SSEA4

Figure S1. Generation of genome-edited hiPSC lines. (A) Using CRISPR/Cas9 technology, the c.242C>T p.S81L GNB5 
mutation was inserted into a control hiPSC line in heterozygous and homozygous state. (B) Location of the c.242C>T 

mutation in the GNB5 transcript and the surrounding sequence. The gRNA sequence that was used is indicated in 

blue, the PAM sequence in bold. In the single-stranded oligonucleotide (ssODN) that was applied for homologous 

recombination the c.242C>T mutation is indicated in red and bold, whereas red and italic indicates the synonymous 

mutation generating a restriction site used for colony screening. (C) Sanger sequences of wildtype (upper panel), 

S81L heterozygous (middle panel) and S81L homozygous (lower panel) clones. (D-E) Immunocytochemistry of the 

pluripotency markers OCT4, TRA1-81, NANOG, and SSEA4 in the (D) S81L heterozygous and (E) homozygous lines. 

Scale bars are 100 µm. 

Gene Forward 5’ to 3’ Reverse 5’ to 3’ 
TBP GCTCACCCACCAACAATTTAG TCTGCTCTGACTTTAGCACCTG

NR2F2 GCCATAGTCCTGTTCACCTCA AATCTCGTCGGCTGGTTG

NPPA GCTCCTTCTCCACCACCAC GGGCACGACCTCATCTTCTA

KCNJ3 ACCTATCCCAGCGAAGCAT AAAACGATGACCCCAAAGAA

KCNJ5 GAGCCCTTTCTGGGAGATGT TTTCCAAGGTGAGGACTGGTG

GNB5 CGTGTCGCCTCTATGACCTG CTTTGAGAACATCCCAGACG

RGS6 AAATCTGGCAAGAGTTTCTGG GGGCATAGCTGTCACTCTTCA

Table S1. Primer sequences used for quantitative PCRs.
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Antigen Isotype Company
OCT3/4 Mouse IgG2b Santa Cruz Biotechnology

TRA 1-81 Mouse IgM Abcam

SSEA-4 Mouse Ig3 Santa Cruz Biotechnology

NANOG Goat IgG R&D Systems

Table S2. Antibodies used for immunochemistry.

Table S3. Putative genomic off-target sites for the gRNA used to introduce mutation p.S81L in GNB5. Sequence 

in italic depicts the PAM site (NGG), in bold and red depicts mismatches with the gRNA. Original gRNA: 

GAGGATCGTGAGCTCGTCACAGG.

Location Genomic sequence Mismatches Strand Type
22:19979742-19979764 GAGGTCCGTGAGCTTGTCAC TGG 3 − Exonic

16:77913475-77913497 GAGGATCGAGAGCTGATCAC TGG 3 − Intronic

1:160408628-160408650 GAGGATGGTGAGCTCATCTC TGG 3 + Intronic
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Abstract 

The coordinated contraction of the heart relies on a proper generation and conduction of action 

potentials, which is regulated by the orchestrated opening and closing of cardiac ion channels. 

Channelopathies are a group of disorders in which ion channel function is disrupted. Patients 

with cardiac channelopathies may develop arrhythmias, which can result in sudden cardiac death. 

The identification of genetic factors that predispose individuals to arrhythmias is important as 

it enables genetic testing and may contribute to diagnosis, risk stratification and preventative 

treatment. The zebrafish grime mutant was identified in an ENU screen and presented with severe 

arrhythmias starting at 2 days post fertilization. Using whole genome sequencing based mapping, 

a nonsense mutation in tmem161b was found. tmem161b is a gene with unknown function and 

structure.

Methods: High-speed brightfield imaging was used to characterize arrhythmias, heart rate, and 

short-term variation (STV) in atrial contraction interval in grime mutants and siblings. To determine 

the effects of the tmem161b mutation on cardiac cellular electrophysiology, in vivo optogenetic 

imaging was performed at 2 and 3 dpf using the genetically encoded membrane voltage sensor 

VSFP-butterfly. Electrical conduction was visualized and parameters of action potential shape 

quantified, including upstroke time (Up90-10), action potential duration (APD90), repolarization time 

(APD90-10) and amplitude. To validate the embryonic VSFP data, patch-clamping was performed 

on isolated adult wild-type and tmem161b+/- cardiomyocytes and action potentials measured. 

Subsequently, voltage-clamping was used to investigate which repolarizing currents contributed 

to the changes in AP shape. Intracellular Ca2+ transients were vizualised and analyzed in 3 dpf 

tmem161b hearts, using the genetically encoded Ca2+ sensor GCaMP6f. Different parameters were 

quantified, including Ca2+ transient upstroke speed, recovery speed, and amplitude.    

Results: grime mutants showed a ±25% decrease in heart rate at 2-5 dpf, and presented with 

higher atrial contraction interval STV values and severe arrhythmias. The number of fish with 

arrhythmias as well as the complexity of arrhythmias increased significantly after 3 dpf. VSFP 

analysis revealed changes in conduction, prolonged APD90 and APD90-10 values, and decreased 

action potential amplitudes. Patch-clamping confirmed VSFP findings, and demonstrated that 

the tmem161b mutation results in a faster and more pronounced phase 1 repolarization, a 

more negative and prolonged plateau phase, and EADs at lower frequencies. Voltage-clamping 

showed that ICa,L and IKr were affected, and are likely responsible for the observed action potential 

changes. Analysis of Ca2+ transients in 3 dpf tmem161b confirmed the voltage-clamp findings, as 

Ca2+ transients showed distinct changes in tmem161b-/- hearts. The Ca2+ transient upstroke speed 

was increased (only in ventricle), the recovery phase prolonged (throughout the heart) and the 

amplitude increased (throughout the heart).

Conclusion: We identified Tmem161b as an important novel regulator of cardiac cellular 

electrophysiology, as zebrafish tmem161b mutants present with distinct changes in action 

potential repolarization and severe arrhythmias, likely due to disruption of ICa,L and IKr. Future 
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research should focus on elucidating the role of Tmem161b within the cardiomyocyte proteome 

and the importance of TMEM161B in human cardiac electrophysiology. 
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Introduction

The coordinated contraction of the heart relies on a proper generation and conduction of action 

potentials (APs); electrical impulses that are formed by the orchestrated opening and closing of 

cardiac ion channels. A disruption of these highly coordinated processes can lead to arrhythmias 

and may even result in sudden cardiac death.1 It is estimated that 5-15% of sudden cardiac deaths 

are caused by inherited arrhythmia syndromes, so-called ‘channelopathies’.2 Channelopathies are 

a heterogeneous group of disorders that are characterized by an electrically unstable substrate 

(disrupted ion channels) in a structurally normal heart.3 The identification of genetic factors 

that predispose individuals to arrhythmias is important as it enables genetic testing and may 

contribute to diagnosis, risk stratification and preventative treatment. Much progress has already 

been made in this regard, which has led to progressive change in the approach of diagnosis and 

treatment of channelopathies.4 At the same time, cardiac electrophysiology remains extremely 

complex and a further identification of electrophysiology genes will improve our understanding of 

the mechanisms that underlie arrhythmias. 

Transmembrane proteins (TMEM) are proteins that are linked to and span across biological 

membranes. Within the TMEM class of proteins, there is also a TMEM family of proteins.5 This 

family consists of approximately 310 different members that are predicted to be components of 

cell membranes, such as mitochondrial, lysosomal, Golgi, and plasma membranes. The biological 

function of most members of this family remains unknown, mostly due to difficulties in the 

extraction and purification of transmembrane proteins.6 During recent years, the function of a 

number of TMEMs has been elucidated and it has become clear that this family is involved in 

many important physiological functions, such as epidermal keratinization (TMEM45a)7, smooth 

muscle contraction and melatonin secretion (TMEM16a and TMEM16b)8,9, protein glycosylation 

(TMEM165)10, angiogenesis (TMEM215)11 and lysosomal homeostasis (TMEM55B)12. Some 

TMEMs are known to function as channels to permit the transport of specific substances across 

membranes. An example of this is TMEM16, which was identified as a calcium-activated chloride 

channel.13,14 

The zebrafish is increasingly being used as a model for disease due to their conserved 

organ physiology, also in studies of cardiac arrhythmias.15-22 Certain aspects of zebrafish cardiac 

electrophysiology, like action potential shape and heart rate, are very similar to that of humans.20 

In addition, zebrafish are highly suitable for large-scale forward genetic screens, as they produce 

high numbers of offspring, and embryos develop rapidly and externally. N-ethyl-N-nitrosourea 

(ENU) is a chemical that can be used to effectively introduce random point-mutations on a 

genome-wide scale.23 Studies using ENU mutagenesis have provided a wealth of knowledge on 

genotype-phenotype relationships, demonstrating that ENU is an efficient and reliable method to 

screen for novel genes.24

In this study we characterize the zebrafish grime mutant, which carries a nonsense mutation 

in tmem161b, a gene with unknown function and structure. The grime mutant was identified in 
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an ENU screen and presented with severe arrhythmias starting at 2 days post fertilization. Using 

in vivo imaging on transgenic embryos expressing a cardiac voltage sensitive fluorescence protein 

(VSFP) sensor or a cardiac Ca2+ sensor (GCaMP6f), and by performing patch-clamp experiments 

on isolated adult cardiomyocytes, we found that the tmem161b mutation affects the cardiac 

action potential shape by influencing Ca2+ and K+ currents. These findings implicate a novel role of 

Tmem161b in the modulation of ion channels that shape cardiac electrophysiology. 

Materials and methods

Zebrafish husbandry 
Fish used in this study were housed under standard conditions as previously described.25 

All experiments were conducted in accordance to the ethical guidelines and approved by the 

local ethics committee at the Royal Dutch Academy of Sciences (KNAW) and the University of 

Queensland.

Generation of mutant line
tmem161b fish were generated using N-ethyl-N-nitrosourea (ENU) mutagenesis as described 

before.26 F1 progeny from mutagenized males were crossed to wild-type fish to produce F2 

families. Subsequent incrossing of F2 progeny generated F3 embryos that were screened for 

cardiac arrhythmias during multiple time-points. To generate a stable tmem161b mutant line, the 

grime mutant was outcrossed multiple times. 

RT-PCR. 
RNA was isolated from whole embryos 4 days post fertilization (dpf) and from hearts of adult 

TL wild-type fish. Adult hearts were either processed as a whole (atrium and ventricle, but 

without the bulbus arteriosus, n=3) or separated into atrial (n=8) and ventricular (n=4) 

samples. ef1α was used as reference gene for the RT-PCR. Primers for ef1α were: forward 

primer GGCCACGTCGACTCCGGAAAGTCC, reverse primer: CTCAAAACGAGCCTGGCTGTAAGG. 

Primers for tmem161b were: forward primer ACCAACACCCCACAGAAGAC, reverse primer 

CTCCGCCACACAGAAGTACA, product size 272 bp. 

High-speed brightfield imaging
Embryos were placed in 1-phenyl-2-thiourea (PTU) 20-24 hours post fertilization (hpf) to prevent 

pigmentation. 2-5 dpf embryos were embedded in 0.3% agarose prepared in E3 medium 

containing 16 mg/ml Tricaine. Recordings were performed at 150 fps using a high-speed inverted 

light microscope at 28°C. Heart rate measurements were analyzed using ImageJ (U. S. National 

Institutes of Health, Bethesda, Maryland, USA). Movies from offspring of 3 different breeding pairs 

were analyzed, to assess if changes were consistent between pairs, and data from all embryos 
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pooled. For each larvae 20 consecutive beats were analyzed. The STV of atrial contraction interval 

was determined by the following formula: (SUM ΔR-R)/(n*√2). Heart rates were considered 

bradycardic when they were 30% lower than the wild-type average heart rate (2 dpf <133 bpm, 

3 dpf <145 bpm, 4 dpf <143 bpm, 5 dpf <154 bpm). This cut-off was chosen as in humans a heart 

rate of <40 beats per minute (bpm) is considered bradycardic, which is ±30% lower than a resting 

heart rate of 60 bpm. Hearts were considered to have sinoatroial node (SAN) irregulaties when the 

STV was ≥10% higher than the highest wild-type STV value (highest wild-type STV was 6.05 ms, an 

STV of ≥7.6 ms was considered irregular). AV-blocks were identified by eye, by observing the high-

speed speed movies at a low speed. An arrhythmia was identified as an AV-block when a clearly 

visible coordinated atrial contraction was not followed by a ventricular contraction. 

High-speed fluorescence imaging in embryos
Fish carrying the tmem161b mutation were crossed to the tg(myl7:Gal4FF;UAS:GCaMP6f) or 

tg(myl7:chimeric VSFP-butterfly CY) line.27 A morpholino (MO) oligomer targeted against tnnt2a 
(5’-CATGTTTGCTCTGATCTGACACGCA-3’) was used to uncouple contraction from excitation 

in tmem161b embryos carrying the VSFP-butterfly or GCaMP6f sensor, thereby preventing 

contraction artifacts in our recordings of cardiac action potentials (APs) and Ca2+ transients. This 

‘silent heart’ ATG morpholino was applied as described previously.28 At 24 hours post fertilization, 

embryos were placed in PTU to keep them transparent. Embryos at 2-3 dpf were embedded in 

0.3% agarose prepared in E3 medium containing 16 mg/mL Tricaine and placed in a heated (28 °C) 

recording chamber. Recordings were performed using a custom-build upright widefield microscope 

(Cairn research, Kent, UK) equipped with a 20x 1.0 NA objective (Olympus XLUMPLFLN20X W). 

For VSFP imaging white LED excitation light was filtered using a 438/24 nm filter (Semrock FF02-

438/24-25) and reflected towards the objective using a 458 nm dichroic mirror (Semrock FF458-

Di02-25x36). Emitted fluorescence was directed to an emission splitter unit (OptoSplit II ByPass 

Image Splitter) fitted with a 509 nm dichroic mirror (Semrock FF509-FDi01-25x36) and 483/32 nm 

and 514 long-pass emission filters (Semrock FF01-483/32-25 and LP02-514RU-25, respectively). 

For GCaMP6f imaging blue LED excitation light (470 nm) was filtered using a 470/40 nm filter 

(Chroma ET470/40x) and reflected towards the objective using a 515 nm dichroic mirror (Chroma 

T515lp). Emitted fluorescence was filtered by a 514 long-pass filter (Semrock LP02-514RU). Images 

were projected on a high-speed camera (Andor Zyla 4.2 plus sCMOS). Recordings were performed 

at 100 fps, for 1000-2000 frames. Recordings were analyzed using ImageJ and Matlab (Version 

R2015a, Mathworks, Natick, MA, USA). Line plots (Figure 3B-G) were obtained by drawing a line 

over the atrial and ventricular wall, straightening out this line, and plotting the signals along this 

line (1 pixel wide) versus time (10 seconds). The average graphs in Figure 4F-G were obtained by 

averaging five representative APs from the same fish into one AP, and plotting this average AP from 

all fish with the same genotype into one graph. 
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Whole mount embryo immunostaining
Embryos for immunocytochemistry were fixed in 2% paraformaldehyde containing glycerol 

(overnight at 4°C), and washed with PBS containing 0.1% Tween (PBST) the following day. 

Embryos were permeabilized using Proteinase K. The primary antibody used was mouse anti-Isl1 

(Developmental Studies Hybridoma Bank, Iowa City, IA, USA, clone 39.4D5, 1:100). The secondary 

antibody used was Cy3 (Thermo Fisher Scientific, Waltham, MA USA, 1:2000). Embryos were 

mounted and imaged ventrally using an inverted Leica TCS SP8 confocal laser-scanning microscope 

(Leica microsystems, Wetzlar, Germany) with a 20x objective. 

Cellular Electrophysiology 
Cell Preparation. Single ventricular cells were isolated by an enzymatic dissociation procedure 

as described previously.29 For this, ventricles from 3 adult fishes were pooled and stored at RT 

in a modified Tyrode’s solution containing (in mmol/L): NaCl 140, KCl 5.4, CaCl2 1.8, MgCl2 1.0, 

glucose 5.5, HEPES 5.0; pH 7.4 (set with NaOH). Subsequently, the ventricles were cut in small 

pieces, which were transferred to Tyrode’s solution with 10 μmol/L CaCl2 (30°C). The solution was 

refreshed one time before the addition Liberase TM research grade (final concentration 0.038 

mg/mL (Roche Diagnostics, GmbH, Mannheim, Germany)) and Elastase from porcine pancreas 

(final concentration 0.01 mg/mL (Bio-Connect B.V., Huissen, Netherlands)) for 12–15 min. During 

the incubation period, the tissue was triturated through a pipette (tip diameter: 2.0 mm). The 

dissociation was stopped by transferring the ventricle pieces into a modified Kraft-Brühe solution 

(30°C) containing (in mmol/L): KCl 85, K2HPO4 30, MgSO4 5.0, glucose 5.5, pyruvic acid 5.0, creatine 

5.0, taurine 30, β-hydroxybutyric acid 5.0, succinic acid 5.0, BSA 1%, Na2ATP 2.0; pH 6.9 (set with 

KOH). The tissue pieces were triturated (pipette tip diameter: 0.8 mm) in Kraft-Brühe solution 

(30°C) for 4 min to obtain single cells. The cells were stored for at least 45 min in modified 

Kraft-Brühe solution before they were put into a recording chamber on the stage of an inverted 

microscope (Nikon Diaphot), and superfused with Tyrode’s solution (28 °C). Quiescent single cells 

with smooth surfaces were selected for electrophysiological measurements.

Data acquisition. Action potentials (APs) and net membrane currents were recorded using the 

amphotericin-B perforated patch-clamp technique and an Axopatch 200B amplifier (Molecular 

Devices, Sunnyvale, CA, USA). Voltage control, data acquisition, and analysis were realized with 

custom-made software. Pipettes (resistance 3–4 MΩ) were pulled from borosilicate glass capillaries 

(Harvard Apparatus, UK) using a custom-made microelectrode puller, and filled with solution 

containing (in mmol/L): 125 K-gluconate, 20 KCl, 10 NaCl, 0.44 amphotericin-B, 10 HEPES; pH 7.2 

(KOH). Potentials were corrected for the calculated liquid junction potential.30 Signals were low-

pass-filtered with a cutoff of 5 kHz and digitized at 40 and 5 kHz for APs and membrane currents, 

respectively. Cell membrane capacitance (Cm) was estimated by dividing the time constant of the 

decay of the capacitive transient in response to 5 mV hyperpolarizing voltage clamp steps from 

-40 mV by the series resistance.
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Action potentials. APs were elicited at 0.2, 1, 2, and 3 Hz by 3-ms, ~1.2× threshold current 

pulses through the patch pipette. As depicted in Figure 5A, APs were characterized by resting 

membrane potential (RMP), maximum AP amplitude (APAmax), AP duration at 20, 50 and 90% 

of repolarization (APD20, APD50, APD90 respectively), maximal upstroke velocity (dV/dtmax), and 

plateau amplitude (APAplat; measured 50 ms after the AP upstroke). Averages were taken from 10 

consecutive APs.

Membrane currents. The AP measurements were alternated by a general voltage clamp 

protocol to elucidate the ionic mechanism underlying the AP changes. Therefore, 500 ms 

depolarizing and hyperpolarizing voltage clamp steps were applied from a holding potential of 

-50 mV with a cycle length of 2 sec (Figure 7A). To ensure that the remaining cardiomyocytes in 

the recording chamber stay undistorted for biophysical analysis, our voltage clamp measurements 

were performed without specific channel blockers or modified solutions. Inward rectifier K+ 

current (IK1) and rapid delayed rectifier K+ current IKr were defined as the quasi steady-state current 

at the end of the voltage-clamp steps at potentials negative or positive to -30 mV, respectively. 

The L-type Ca2+ current (ICa,L) was defined as the difference between peak current and steady-state 

current at potentials of  -50 mV and more positive. Current densities were obtained by normalizing 

to Cm. Gating properties of ICa,L were measured with a two-pulse voltage clamp protocol (Figure 7D) 

or with a double-pulse protocol with variable interpulse intervals (Figure 7F).

Statistical analysis
Cellular Electrophysiology data. Data is presented as mean ± SEM. Statistical analysis was 

carried out with SigmaStat 3.5 software. Normality and equal variance assumptions were tested 

with the Kolmogorov-Smirnov and the Levene median test, respectively. Two groups were 

compared with unpaired t-test or with two-way repeated measures ANOVA followed by pairwise 

comparison using the Student–Newman–Keuls test. P < 0.05 defines statistical significance.

Other data. Data was analyzed blinded. Statistical analysis and drawing of graphs and plots 

were carried out in GraphPad Prism (version 6 for Mac OS X, GraphPad Software, San Diego 

California USA). Differences between two groups were analyzed using the paired Student’s t-test, 

and comparisons between experimental groups were analyzed by one-way ANOVA for non-

parametric variables with Tukey’s post-test for intergroup comparisons. All data is presented 

as mean ± SD unless indicated otherwise, and p<0.05 was considered significant. * p≤0.05, ** 

p≤0.01, *** p≤0.001, **** p≤0.0001, n.s. p>0.05. n denotes the number of fish used per dataset. 

Results

The grime mutant was identified in an ENU screen and displays severe arrhythmias
In an effort to identify new genes that are involved in cardiac form and function, an N-ethyl-N-

nitrosourea (ENU) forward genetic screen was performed in zebrafish (Figure 1A). Male zebrafish 
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founders (F0) were mutagenized with ENU for several weeks and then outcrossed to wild-type 

females. Progeny of this cross was raised and incrossed to generate F2 families. Fish from F2 

families were incrossed and F3 embryos were collected and screened for defects in cardiac 

morphology or function. The grime mutant (named after the grime music genre) was one of 

the mutants identified in this screen, as it presented with severe arrhythmias at 4-5 days post 

fertilization (dpf) and died between 7-15 dpf. We observed strong effects in the sinoatrial node 

(SAN) and atrioventricular canal (AVC), as hearts seemed to beat slower, more irregular and atrial 

contraction was not always followed by ventricular contraction. Next to the arrhythmic phenotype, 

grime mutants had no apparent morphological defects in body plan and cardiac structure (Figure 

1B-C). However, many mutants (± 90-100%) did fail to inflate their swim bladder by 5 dpf (Figure 
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Figure 1. Characterization of the zebrafish grime mutant. (A) Schematic diagram of the ENU-based forward genetic 

screen that led to the identification of the grime mutant. Male founders were mutagenized with ENU and outcrossed 

to wild-type females. Progeny of this cross was raised and incrossed to generate F2 families. Fish from these families 

were randomly incrossed and F3 embryos were screened for cardiac phenotypes that occurred in ±25% of the 

embryos, indicating Mendelian inheritance. (B) Side view of a 5-day-old sibling and grime mutant larvae. The grime 

mutant displays a normal body plan, but fails to inflate its swim bladder. The green arrows indicate the location of 

the swim bladder, the red arrowheads the location of the heart. (C) High-speed imaging stills of a sibling and grime 

mutant heart at 5 days post fertilization. A: atrium, V: ventricle, ba: bulbus arteriosus. (D) 3-day-old grime mutant 

and wild-type heart immuno-stained for Islet-1, a transcription factor marking pacemaker cells. The pacemaker cells 

are clearly visible as a ring-like structure at the base of the atrium.
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1B). In addition, some fish with arrhythmias developed (severe) cardiac edema, likely in response 

to changes in circulation and blood pressure. Immunostaining of the pacemaker cells, using 

an antibody against islet-1 (a transcription factor marking pacemaker cells), ruled out that the 

arrhythmias we observed were a result of poorly defined or absent pacemaker cells (Figure 1D, 

S1A), as grime mutants displayed no changes in the structure and number of pacemaker cells 

compared to their siblings. 
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Figure 2. Identification of a tmem161b mutation in the grime mutant. (A) Graph showing a homozygosity peak 

on chromosome 5, following whole genome sequencing, and a zoom-in of the linked region. The red arrowhead 

indicates the tmem161b gene. (B) Sequencing reads from a mutant showing a homozygous mutation in tmem161b 
that is absent in a direct, non-mutagenized ancestor. (C) Sequencing profiles showing part of the tmem161b gene 

sequence in wild-type and tmem161b mutants. The red circle highlights the location of the T>A mutation. The 

mutation introduces a new stop codon. (D) RT-PCR data showing tmem161b expression in 4 dpf whole embryos 

(n=100-200), whole hearts (n=3), only atria (n=8) and only ventricles (n=4). ef1α was used as control gene. A 50 bp 

ladder was added on both sides of the samples, the size of each band is indicated on the side. Neg: negative.
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To determine which mutation was linked to the arrhythmic phenotype that we observed in the 

grime mutant, whole genome sequencing based mapping was performed. The genomes of grime 

mutants, non-mutagenized wild-type ancestors, and the ENU treated ancestor were analyzed and 

variants (SNPs) were identified. Subsequently, the mutant genome was scanned for SNPs that 

were ENU derived and homozygous. A unique homozygosity peak was identified on chromosome 

5 (Figure 2A) and within this linked region two candidate genes presented themselves: the novel 

transmembrane domain protein tmem161b and the nuclear receptor protein nr2f1a. Given that 

a zebrafish mutant for nr2f1a had already been reported with vascular defects31 and the grime 
mutant showed no vascular anomalies, our attention was directed to tmem161b. The homozygous 

tmem161b SNP encoded for a nonsense mutation (c.1398T>A), which introduced a new stop 

codon resulting in the loss of the last 19 amino acids (aa 466 – 484, p.C466*)(Figure 2B-C, S2A). 

To confirm that mutation of tmem161b was the cause of the arrhythmia phenotype, genome 

editing of tmem161b was performed using Crispr/cas9 technology. Complementary analysis using 

Crispr/cas9 edited F0 founder fish crossed with a grime/tmem161b heterozygous carrier resulted 

in embryos in which the arrhythmia phenotype, as well as the absence of a swim bladder was 

reproduced. In the rest of this study we will refer to the grime mutant as the tmem161b mutant. 

We found that Tmem161b is highly conserved between zebrafish and man (Figure S2B), but 

humans express multiple isoforms of TMEM161B, while in zebrafish only one isoform has been 
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Figure 3. Characterization of arrhythmias in the tmem161b mutant. (A-C) Graphs of wild-type, heterozygous 

and homozygous tmem161b mutants at 2-5 dpf (mean ± SEM, n=3 different pairs)(** p≤0.01, *** p≤0.001, **** 

p≤0.0001), showing (A) the % of embryos presenting with arrhythmias, (B) heart rates, and (C) the short-term 

variation (STV) in atrial contraction interval. Bpm: beats per minute.
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Figure 4. Action potential conduction in tmem161b embryos. (A) DNA construct and concept of the sensing 

mechanism of chimeric VSFP-butterfly CY. The myl7 promoter restricts VSFP expression to the heart. The sensor 

consists of a voltage sensitive domain with transmembrane segments S1-S4, sandwiched between a FRET pair of 

mCitrine and mCerulean. Movement of S4 upon membrane depolarization translates into a change of FRET efficiency. 

pA: poly-A, EC: extracellular, PM: plasma membrane, IC: intracellular. (B) Movies of 2-3 dpf non-contracting VSFP 

hearts were recorded. An increase in mCitrine (top panel) and decrease in mCerulean (bottom panel) is visible every 

consecutive excitation cycle, starting in the atrium and followed by the ventricle. From these signals, a ratiometric
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identified (source: NCBI and Ensembl databases). Reverse Transcription (RT)-PCR data revealed 

that tmem161b is expressed in zebrafish embryos and throughout the adult zebrafish heart 

(Figure 2D), confirming a possible role of Tmem161b in cardiac function. 

Arrhythmias in the tmem161b mutant increase in frequency and complexity over time
Using high-speed imaging we studied the arrhythmias that were present in tmem161b mutants. 

Overall, we found arrhythmias in approximately 30-40% of the embryos at 2 dpf (Figure 3A). 

This number slightly decreased at 3 dpf, but increased drastically at 4-5 dpf to >60%. Strikingly, 

heterozygous fish also presented with arrhythmias, although the frequency of arrhythmias was 

much lower and more or less constant over time at 15-25%. Analysis of heart rate revealed that 

tmem161b mutants had an approximately 25% lower heart rate compared to wild-type siblings at 

2 and 3 days post fertilization (dpf), which decreased further at 4-5 dpf (Figure 3B). Heart rates of 

heterozygous fish did not significantly differ from wild-type siblings, but a slight trend towards a 

lower heart rate was visible at 4-5 dpf. To investigate the regularity of sinoatrial node (SAN) firing, 

we measured short-term variation (STV) of the interval between atrial contractions as an indication 

of SAN beat-to-beat variation (Figure 3C). tmem161b mutants displayed significantly higher atrial 

STV values at 2-5 dpf, with a dip at 3 dpf and a drastic increase at 4-5 dpf, indicating that SAN firing 

was more irregular compared to wild-type siblings. We grouped the observed arrhythmias into 6 

different classes based on our findings, containing one or more of the following components (table 

S1): (1) bradycardia, defined as a ≥30% decrease in heart rate compared to the average wild-type 

heart rate, (2) SAN irregularities, defined by an STV that showed a ≥10% increase compared to 

the highest wild-type STV value, and (3) AV-block, defined as an atrial contraction that was not 

followed by a ventricular contraction. Some hearts were too arrhythmic to classify, so we defined 

those as completely irregular (class 7). The severity and complexity of arrhythmias increased over 

time, and by day 5 many larvae were severely affected (table S1).

signal can be calculated that reflects action potential shape. Squared boxes indicate the region of measurement. 

A: atrium, V: ventricle. (C-E) Action potential graphs showing atrial, AV-canal and ventricular activations over time. 

Examples of a wild-type heart in sinus rhythm, and tmem161b mutant hearts with AV-block or with sinoatrial 

irregularities are shown. Orange arrows indicate missing activations, the black arrowhead prolonged repolarization 

of an AV-canal action potential. AV: atrioventricular. (F) Line plots were generated by drawing a line across the cardiac 

wall (red), straightening the line, and plotting the fluorescence signals across this line over time. A change from light 

grey to darker grey in each line plot indicates depolarization. (G-I) Line plots showing depolarizations across the entire 

cardiac wall over time. Examples of a wild-type heart in sinus rhythm, and tmem161b mutant hearts with AV-block or 

with sinoatrial irregularities are shown. The purple and green arrows indicate atrial and ventricular depolarization, 

respectively, or the location where this depolarization should have taken place. The black arrowheads indicate broad 

AVC depolarizations that extend into the consecutive depolarization.
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In vivo analysis of action potentials reveals abnormal conduction patterns in tmem161b 
mutants
As tmem161b mutants presented with arrhythmias, we focused to analyze the effects of the 

mutation on cardiac electrophysiology. To this end, we crossed tmem161b fish with fish carrying an 

optogenetic cardiac-targeted voltage sensor tg(myl7:VSFP-butterfly).27 VSFP-butterfly allows the in 

vivo analysis of action potential (AP) shape and propagation and consists of a transmembrane 

voltage sensitive domain, which is sandwiched between a mCitrine and mCerulean fluorescence 

resonance energy transfer (FRET) pair. Upon membrane depolarization, the voltage sensitive 

domain changes conformation, which is translated into a change of FRET efficiency (Figure 4A). 

We recorded mCitrine and mCerulean signals of tmem161b VSFP-butterfly hearts at 2 dpf and 3 

dpf using high-speed wide-field fluorescence microscopy. Fluorescent signals were analyzed in two 

different ways: 1) through AP graphs (Figure 4B-E): ratiometric analysis of mCitrine/mCerulean 

FRET signals in different regions of the heart allowed us to compare atrial, AV-canal and ventricular 

activations over time, and 2) through line plots (Figure 4F-I): analysis of depolarizations (here 

mCerulean signals) over the cardiac wall over time allowed us to visualize conduction over the 

entire heart. Conduction patterns in tmem161b+/+ embryos were very regular (Figure 4C,G), but 

we could clearly observe AV-blocks and SAN irregularities in a small group of tmem161b+/- embryos 

and a large group of tmem161b-/- embryos, which was in line with our findings of high-speed 

brightfield imaging (Figure 3A). AV-blocks appeared in our analysis as clear atrial and AV-canal 

activations, without a subsequent ventricular activation (Figure 4D, orange arrows; Figure 4H, 

green and purple arrows). In hearts with AV-block arrhythmias, we could regularly observe broad 

AV-canal signals (Figure 4D,H, black arrowheads), which extended into the following AV-canal 

depolarization. SAN irregularities appeared in our analysis as gaps between consecutive atrial/

AV-canal/ventricular activations (Figure 4E, orange arrows; Figure 4I, green and purple arrow).

In vivo analysis of action potential shape demonstrates a prolongation of repolarization and a 
decrease in signal amplitude 
Since we observed changes in heart rhythm and APs between wild-type and tmem161b mutants 

(Figure 4) we examined atrial, AVC, and ventricular AP shape in more detail. Analyzed AP 

parameters included upstroke time (Up90-Up10, time between 10% and 90% of full depolarization), 

action potential duration (APD90, the time from the start of the AP to the moment when 90% of 

full repolarization is reached), repolarization time (APD90-APD10), and signal amplitude (Figure 5A). 

Upstroke time was not affected at 2 dpf, but at 3 dpf tmem161b-/- displayed a significantly slower 

atrial AP upstroke compared to tmem161b+/+ and tmem161b+/- siblings (Figure 5B,G). Strikingly, 

action potential duration and repolarization time were significantly prolonged throughout 

the heart in mutants, both at 2 dpf and 3 dpf (Figure 5C-D, F-G). To determine whether APD90 

prolongation was a consequence of the decreased heart rate in tmem161b-/- embryos (Figure 

3B), we plotted APD90 against heart rate (Figure S3A-B). The correlation plots demonstrated that 

APD90 and heart rate are poorly correlated for all genotypes at 2-3 dpf (R2 values all <0.4). Also, 
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linear regression in tmem161b-/- was clearly distinct from tmem161b+/+ and tmem161b+/- siblings, 

indicating that APD90 prolongation was not indirectly caused by the decreased heart rate. Next to 

APD90 prolongation, signal amplitude was also affected as 3 dpf mutants showed a decrease in 

signal amplitude throughout the heart (Figure 5E-G). In conclusion, these results point to a role of 

Tmem161b in the repolarization of cardiomyocytes

Isolated cardiomyocytes from adult heterozygous tmem161b fish have distinct changes in 
action potential phase-1 repolarization and the plateau phase 
In order to validate our in vivo findings, we attempted patch clamp studies using tmem161b-/- 
cardiomyocytes (CMs). One issue was that tmem161b-/- larvae didn’t survive past 15 dpf and that 

the isolation of CMs from embryonic mutant hearts was technically very challenging. For that 

reason, we decided to isolate and analyze CMs from adult tmem161b+/- fish. We hypothesized 

that heterozygous fish were also affected by the mutation, at least to a certain extent, as a small 

percentage of the tmem161+/- embryos presented with arrhythmias (Figure 3A). Indeed, we found 

very distinct AP shape changes in adult ventricular tmem161b+/- CMs. APs were measured with 

1 Hz pacing and parameters were analyzed as depicted in Figure 6A. Distinct changes in phase 

1 repolarization and plateau phase could be observed (Figure 6B). Resting membrane potential 

(RMP), maximal action potential amplitude (APAmax), and the maximal upstroke speed (dV/dtmax) 

were not affected by the tmem161b mutation (Figure 6C,D). However, we observed a significant 

shortening of the first repolarization phase (reflected by a shorter APD20) and a lowering of the 

plateau phase (APAplat,) while the action potential duration (APD50 and APD90) was significantly 

prolonged (Figure 6C,E). The increase in APD90 was present at pacing frequencies of 2 Hz and lower 

(Figure 6F). Remarkable, almost all tmem161b+/- CMs showed early afterdepolarizations (EADs) at 

the slow pacing frequency of 0.2 Hz (Figure 6G). The observed AP phenotype in tmem161b+/- CMs, 

i.e., a faster phase 1 repolarization but increased action potential duration is relatively uncommon 

and suggests that Tmem161b is involved in interactions with multiple cardiac ion currents.

Major cardiac membrane currents IKr and ICa,L are affected in tmem161b+/- cardiomyocytes 
To investigate which changes in cardiac ion currents were responsible for the changes in AP 

shape, we next measured the major membrane currents responsible for AP repolarization in 

tmem161b+/- CMs.17 IK1, defined as a steady-state current at membrane voltages of -30 mV and 

lower (Figure 7A-B), was not significantly different between wild-type and tmem161b+/- zebrafish. 

However, we observed a larger outward steady-state current at 0 mV and higher test potentials 

in tmem161b+/- CMs compared to wild-type CMs (Figure 7A-B). When membrane potentials in 

zebrafish cardiomyocytes are in the 0-40 mV range, steady-state currents are mainly due to IKr.
17 

The increase in IKr is compatible with the faster phase 1 repolarization (Figure 6B,E), but cannot 

explain the observed prolongation in APD50 and APD90 and the large amount of EADs (Figure 6E,G). 

Since changes in Ca2+ currents are often associated with EADs, we analyzed ICa,L. Indeed, a larger 

ICa,L was measured in tmem161b+/- CMs compared to wild-type CMs  (Figure 7C). Voltage gated 
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Figure 5. Action potential parameters in tmem161b embryos. (A) Action potential parameters analyzed. Up: 

transient upstroke, APD: action potential duration. (B-E) Action potential parameters of 2 and 3 dpf tmem161b+/+, 
tmem161b+/- and tmem161b-/- embryos (mean ± SD, 2 dpf: +/+ n=28, +/- n=34, -/- n=32; 3 dpf: +/+ n=28, +/- n=34, 

-/- n=31) (* p<0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001). (B) Upstroke time at 2 dpf and 3 dpf, showing a 

significant increase of atrial upstroke time in tmem161b-/- at 3 dpf. (C) APD90 at 2 dpf and 3 dpf, demonstrating a 

significant action potential prolongation in tmem161b-/-. (D) APD90-APD10 (repolarization time) at 2 dpf and 3 dpf, 

demonstrating a significant prolongation of repolarization in tmem161b-/-. (E) Signal amplitude at 2 dpf and 3 dpf, 

showing a significant decrease in amplitude in tmem161b-/- at 3 dpf. (F-G) Representative average atrial, AVC, and 

ventricular action potential curves of 2-3 dpf tmem161b+/+ and tmem161b-/- siblings. Embryos are from one breeding 

pair.
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Ca2+ channels have three main gating transitions: closed to open (activation), open to inactivated 

(inactivation, the channel gets plugged), inactivated to closed (recovery). Reverse paths are also 

A
tmem161b+/-

wild-type

wild-type (n=8) tmem161b+/- (n=8)

B

C D E

F G
wild-type (n=8)

tmem161b+/- (n=8)

Figure 6. Action potentials changes in isolated adult tmem161b+/- cardiomyocytes. (A) Action potential parameters 

analyzed. APD: action potential duration, APA: action potential amplitude, RMP: resting membrane potential. (B) 

Typical action potentials of cells isolated from wild-type and tmem161b+/- fish. Inset: first derivative of the action 

potential upstroke. (C-E) Average action potential parameters (mean ± SEM, wild-type n=8, tmem161b+/- n=8, * p 

< 0.05) showing (C) Resting membrane potential (RMP), maximal action potential amplitude (APAmax) and plateau 

phase action potential amplitude (APAplat), (D) maximal upstroke speed (dV/dtmax), and (E) action potential duration 

(APD20, APD50 and APD90). (F) The action potential prologation was most prominent at slow pacing frequencies. (G) 

Early afterdepolarizations (EADs) were frequently observed at 0.2 Hz in tmem161b+/- cells.
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Figure 7. Membrane current changes in isolated adult tmem161b+/- cardiomyocytes. (A) Voltage clamp 

protocol and typical net membrane currents at -100 mV (IK1), 0 mV (ICa,L), and +40 mV (IKr). pA/pF: picoampère 

per picofarad, current density. (B-C) Current-voltage (I-V) relationships of (B) IK1, IKr and (C) ICa,L. Negative current 

densities indicate a net inward current, positive current densities a net outward current. (D) Normalized I-V 

relationships of ICa,L measured at P1 during a two-pulse voltage clamp protocol (inset). The curves are virtually 

overlapping indicating that the voltage dependency of activation is not affected by tmem161b+/-. (E) Normalized 

I-V relationships of ICa,L measured at P2 during a two-pulse voltage clamp protocol (inset). The curves are virtually
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possible, for example from an inactivated to an open state channel (reactivation, or ‘recovery 

from inactivation’).32 To examine whether the higher Ca2+ current densities where a consequence 

of altered gating properties of the L-type Calcium Channel (LTCC), we measured the transitions 

that could lead to an increased open state of the LTCC. These included activation, inactivation and 

recovery from inactivation. The larger current density of ICa,L we observed was not accompanied by 

changes in activation and inactivation properties of LTCC because the normalized current-voltage 

relationships measured with a two-pulse voltage clamp protocol (Figure 7D-E) were not significantly 

different between wild type and tmem161b+/- CMs. Recovery from inactivation measured with a 

double-pulse protocol with variable interpulse intervals was also not affected by the tmem161b 
mutation (Figure 7F). Together, these findings indicate that under healthy conditions Tmem161b 

negatively regulates IKr and ICa,L in CMs. Tmem161b likely does not affect LTCC conformation as the 

gating properties of  LTCCs were unaffected in tmem161b+/- CMs. 

In vivo imaging of Ca2+ transients shows that Ca2+ handling is affected in tmem161b embryos 
as well
As patch clamp experiments indicated that Ca2+ and K+ currents were affected in adult tmem161b+/- 
CMs we investigated whether Ca2+ transient changes were involved in the in vivo AP effects we 

observed in embryos (Figure 4), especially in homozygous tmem161b mutants. For intracellular 

Ca2+ transient measurements we crossed the tmem161b mutant line with a transgenic line carrying 

an optogenetic cardiac-targeted Ca2+ sensor (tg(myl7:gal4FF;UAS:GCaMP6f)).27 GCaMP6f consists 

of a circularly permutated enhanced green fluorescence protein (cpEGFP) fused to calmodulin 

(CaM) and the M13 peptide (Figure 8A). When intracellular Ca2+ rises, CaM binds to M13, causing 

increased brightness of cpEGFP. Analysis of cpEGFP signal intensity over time in 3 dpf embryos 

allowed examination of Ca2+ transient upstroke time (intracellular Ca2+ release), Ca2+ transient 

recovery time (reuptake/clearance of Ca2+) as well as maximal Ca2+ transient amplitudes (Figure 

8B). Upstroke time was significantly shorter in the ventricle of tmem161b-/- embryos, compared 

to tmem161b+/- and tmem161b+/+ siblings (Figure 8C,H), indicating faster Ca2+ release. In line 

with the patch-clamp data, Ca2+ transient amplitude was higher in the atrium and ventricle of 

tmem161b-/- embryos, indicating that more Ca2+ entered the CM cytosol (Figure 8D,F,H). However, 

Ca2+ transient amplitude was not affected in tmem161b+/- embryos (Figure 8D). Ca2+ transient 

recovery was prolonged throughout the heart of tmem161b-/- embryos compared to their wild 

type siblings, but not in tmem161b+/- siblings (Figure 8E-H). Overall this data indicates that Ca2+ 

release in 3 dpf tmem161b-/- embryos is faster and larger in comparison to wild-type siblings, 

leading to prolonged recovery times. 

overlapping indicating that the voltage dependency of inactivation is not affected in tmem161b+/- cardiomyocytes. 

(F) Normalized ICa,L measured with a double-pulse protocol with variable interpulse intervals. The curves are virtually 

overlapping indicating that the recovery from inactivation is not affected in tmem161b+/- cardiomyocytes.
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Discussion

Approximately 5-15% of all sudden cardiac deaths are caused by inherited ‘channelopathies’, 

disorders in which the function of ion channels is disrupted. The identification of genetic factors 

that predispose individuals to arrhythmias and sudden cardiac death is essential as it enables 

genetic testing and may contribute to diagnosis, risk stratification and preventative treatment. 

In this study we identify Tmem161b as a novel regulator of cardiac cellular electrophysiology, as 

zebrafish carrying a mutation in tmem161b show severe arrhythmias and have distinct changes in 

K+ and Ca2+ currents. 

The rhythmicity of the heart is governed by the orchestrated opening and closing of cardiac 
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Figure 8. Ca2+ transient parameters in tmem161b embryos. (A) DNA construct and sensor dynamics of GCaMP6f. 

The myl7 promoter restricts GCaMP6f expression to the heart The Gal4FF-UAS system amplifies the sensor 

expression. GCaMP6f consists of a circularly permutated enhanced green fluorescence protein (cpEGFP) fused 

to calmodulin (CaM) and the M13 peptide. When intracellular Ca2+ rises, CaM binds to M13, causing increased 

brightness of cpEGFP. (B) Ca2+ transient parameters analyzed. (C-E) Ca2+ transient parameters in 3 dpf tmem161b+/+, 

tmem161b+/- and tmem161b-/- embryos from 3 different breeding pairs (mean ± SD, +/+ n=13, +/- n=23, -/- n=12) 

(* p<0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001). (C) Transient upstroke time, showing a faster upstroke in the 

ventricle of tmem161b-/- embryos. N.s.: non-significant, AVC: atrioventricular canal. (D) GCaMP6f signal amplitude, 

demonstrating a higher atrial and ventricular Ca2+ transient amplitude in tmem161b-/-. (E) Ca2+ recovery time, 

demonstrating a slower reuptake/efflux of Ca2+ in tmem161b-/- hearts. (F-H) Representative Ca2+ transients from the 

(F) atrium, (G) AVC, and (H) ventricle of tmem161b+/+ and tmem161b-/- embryos. AU: arbitrary units.
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ion channels. The cardiac action potential (AP) is shaped by different ion currents and the AP 

repolarization phase mainly depends on outward K+ currents and inward Ca2+ currents.37 In this 

study, we show that tmem161b-/- embryonic hearts and tmem161b+/- adult cardiomyocytes (CMs) 

display characteristic changes in AP repolarization, including a faster and more pronounced AP 

phase 1 repolarization, a lower plateau phase (running at negative potentials), and a prolonged 

action potential duration (APD). In addition, isolated CMs are sensitive for early after depolarizations 

(EADs) at lower frequencies. These findings can largely be explained by the marked changes we 

find in K+ and Ca2+ currents, encompassing an increased IKr and ICa,L. The channel that conducts 

IKr is the human ether-à-go-go-related gene (hERG) channel. Strikingly, human gain-of-function 

mutations in the hERG channel (increasing IKr) are associated with short QT syndromes.38,39 

Short QT syndrome indicates that the cardiac repolarization is shorter, which is in conflict with 

the APD and repolarization prolongation that we observe in tmem161b-/- embryonic hearts and 

tmem161b+/- CMs. However, gain of function mutations in the L-type Calcium channel (increasing 

ICa,L) are associated with the Timothy Syndrome, a rare multisystem disorder in which patients 

present with an extreme prolongation of the QT interval.40 Measurements on induced pluripotent 

stem cell CMs from Timothy patients show APs up to three times as long as those of control 

cells.41 It is likely that the increase in ICa,L in tmem161b mutants has a more dominant effect than 

the increase in IKr, and therefore results in a net prolongation of AP repolarization. The only AP 

change in tmem161b mutants that we cannot explain with our current data is the faster and more 

pronounced phase 1 repolarization. This repolarization is likely the result of an increased K+ efflux, 

however we have not measured currents that are active during this phase of the action potential.

Interestingly, many Timothy syndrome patients present with bradycardia and atrioventricular 

block40, which are arrhythmic phenotypes that we also find in the tmem161b mutants. For this 

reason, it is likely that the arrhythmias we observe in tmem161b mutants are in part the effect 

of increased ICa,L. Atrio-ventricular blocks arise when the ventricular effective refractory period 

increases to such an extent that CMs are still recovering from a previous depolarization when 

the next action potential arrives. This was observed in tmem161b mutant hearts showing AV 

block due to failure of ventricular excitation (Figure 4H) and significantly prolonged APs. How 

the tmem161b mutation causes bradycardia and sinoatrial node irregularities is more difficult to 

explain, and requires additional measurements on pacemaker cells. It is possible that Tmem161b 

regulates the funny current (If), the main depolarizing pacemaker current, in addition to ICa,L and IKr. 

In this study we observed distinct changes in AP characteristics of isolated adult tmem161b+/- 

CMs, but not in tmem161b+/- embryonic hearts. It is possible that heterozygous mutants develop 

electrophysiological changes at a later age, as wild-type Tmem161b protein may be able to 

compensate for the mutated protein. Also, the role of Tmem161b may be become more essential 

with age. However, this would not explain why tmem161b+/- fish present with arrhythmias at the 

embryonic stages, similar to tmem161b-/- embryos. Another explanation could be the difference 

in techniques that were used to measure APs. Fluorescent recordings are less sensitive when 

compared to patch clamp recordings, possibly obscuring slight differences in AP characteristics 
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between tmem161b+/- and wild-type embryos. On the other hand, ex vivo recordings using patch 

clamping do not incorporate potential extracardiac compensatory mechanism, which are present 

in vivo. For a better understanding of the role of Tmem161b in development of cardiac excitability, 

additional measurements are required that use identical experimental approaches at all ages, for 

example through the patch clamp analysis of CMs from younger tmem161b+/- zebrafish, or VSFP 

imaging of adult tmem161b+/- hearts.

While the effects of the tmem161b mutation were largely unraveled in this study, we did not 

address how and where Tmem161b exerts its function within cardiomyocytes. Based on the fact 

that Tmem161b affects multiple cardiac ion currents, and the fact that the gating properties of ICa,L 

are not disrupted, we hypothesize that Tmem161b is part of macromolecular signaling complexes 

that regulate cardiac ion channel activity or membrane expression.42 How Tmem161b would fit in 

those complexes and how the protein could aid in ion channel regulation is something we cannot 

explain at this point. For this we need more information on the whereabouts of Tmem161b within 

the cardiomyocyte and on its interacting partners. 

To our knowledge, our study demonstrates for the first time that Tmem161b is an important 

regulator of cardiac cellular electrophysiology. Studies mentioning TMEM161B are very rare. 

The protein has been indicated in patients with large chromosomal deletions in chromosome 

5q14.3q15, which in some cases contained the TMEM161B gene.33-36 Patients with these 

deletions present with mental retardation, seizures and hypotonia, but symptoms were linked to 

a haploinsufficiency of MEF2C and not to TMEM161B.33 Interestingly, one of the children with a 

deletion including the TMEM161B gene was born through induced labor at 41 weeks of gestation 

because of an abnormal fetal cardiac rhythm, which was not further specified.34 In the other 

patient cases, cardiac parameters were not described, so it is unclear if cardiac electrophysiology 

was examined. For this reason, we cannot draw any conclusions concerning the role of TMEM161B 

in human cardiac electrophysiology based on these studies. It does however demonstrate that the 

loss of one TMEM161B allele is not lethal. 

In conclusion, we identified Tmem161b as a novel component of cardiac cellular 

electrophysiology. Mutation of tmem161b in the zebrafish results in severe arrhythmias and 

pronounced AP repolarization changes, due to changes in IKr and ICa,L Further research is required 

to elucidate the role of Tmem161b within the cardiomyocyte proteome and the importance of 

TMEM161B in human cardiac electrophysiology.  
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Figure S1. Characterization of the grime mutant. The number of islet-1 positive cells in the sinoatrial node of 

grime mutants (n=4) and siblings (n=4). N.s.: non-significant.
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Figure S2. Mutation effects and Tmem161b protein conservation. (A) Schematic of the wild-type and tmem161b 
mutant mRNA and protein sequences (only sequence ends depicted). The mutation found in the grime mutant is a 

T>A transition at position 1,398 on the coding sequence, which encodes a novel stop codon and results in the loss 

of the last 19 amino acids. (B) Tmem161b conservation scores between human (Homo sapiens) isoforms and the 

zebrafish (Danio Rerio) protein. Darker blue indicates a higher conservation. Conservation scores are noted below 

the sequences, * indicates a perfect overlap in amino acid sequence. The red box indicates the mutation site.
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Figure S3. Correlation between heart rate and action potential duration. (A-B) Correlation plots in which the heart 
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plots.
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n=24 

+/+ 
n=20 
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n=40 
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n=28 

+/+ 
n=22 
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n=44 
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n=27 

Sinus rhythm 23 
(100%) 

41 
(87%) 

14 
(61%) 

22 
(100%) 

37 
(84%) 

17 
(71%) 

20 
(100%) 

35 
(88%) 

9 
(32%) 

22 
(100%) 

35 
(80%) 

5 
(19%) 

Bradycardia - - - - 1 
(2%) - - - - - - - 

SAN irregularities - - 2 
(9%) - - 1 

(4%) - 1 
(3%) 

2 
(7%) - 1 

(2%) 
2 

(7%) 

AV block - 4 
(9%) 

4 
(17%) - 3 

(7%) 
3 

(12.5%) - 3 
(8%) 

8 
(29%) - 7 

(16%) 
4 

(15%) 

Bradycardia + SAN 
irregularities - - 1 

(4%) - - - - - 2 
(7%) - - 1 

(4%) 

SAN irregularities  
+ AV block - 2 

(4%) 
2 

(9%) - 3 
(7%) 

3 
(12.5%) - - 5 

(18%) - - 7 
(26%) 

Bradycardia + SAN 
irregularities + AV-

block 
- - - - - - - 1 

(3%) 
2 

(7%) - 1 
(2%) 

4 
(15%) 

Completely irregular - - - - - - - - - - - 4 
(15%) 

Table S1. Characterization of arrhythmias in the tmem161b mutant. Table showing the different types of 

arrhythmias found within tmem161b+/+, tmem161b+/- and tmem161b-/- fish between 2-5 dpf.
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Abstract 

The phospholamban R14 deletion (PLN R14del) is a Dutch founder mutation, found in 10-15% of 

all Dutch patients diagnosed with dilated cardiomyopathy and arrhythmogenic right ventricular 

cardiomyopathy. Overall, heterozygous carriers have a high risk of developing malignant ventricular 

arrhythmias and end-stage heart failure, resulting in a high mortality and poor prognosis. Despite 

decades of research into PLN function, very little is known about how PLN R14del can cause 

cardiomyopathy. To enable detailed investigation of the pathogenic effects of PLN R14del over 

time, we generated a Pln R14del zebrafish model and carefully validated cardiac function in 

embryos and cardiac morphology in adult fish.  

Methods: Zebrafish carry two copies of the pln gene, one on chromosome 17 (plna) and one 

on chromosome 20 (plnb). We recently introduced the R14del mutation in plnb using homologous 

recombination and CRISPR/Cas9. Here, we assessed three groups of embryos (all plna wild-type): 

plnb+/+ plnbR14/+ or plnbR14/R14. High-speed epifluorescence microscopy was used to visualize Ca2+ 

transients in Pln R14del embryos expressing the fluorescent cytoplasmic Ca2+ sensor GCaMP6f. 

High-speed brightfield imaging was used to assess basic contractile and hemodynamic parameters 

at baseline and after treatment with isoproterenol, a β-adrenergic agonist. To analyze heart 

morphology and tissue composition in adult Pln R14del fish, we isolated and stained the hearts of 

2-year-old plnbR14/R14 fish and a severely sick 9.5-month-old plnbR14/R14 fish. Hearts were assessed 

on overall morphology, fibrin/collagen content, fat deposits, and myl7, tbx18, grn1 and postn 
expression.

Results: Pln R14del embryos with cardiac-targeted GCaMP6f (plnbR14/+ and plnbR14/R14) 

presented with a decrease in diastolic Ca2+ levels, peak Ca2+ levels, and Ca2+ transient amplitude, 

while upstroke and recovery time were not affected compared to wild-type siblings. Heart 

rate, contractility dynamics, and hemodynamic parameters were similar between wild-type 

and Pln R14del mutant embryos (plnbR14/+ and plnbR14/R14) at baseline and after treatment with 

isoproterenol. Approximately 25% of isolated adult 2-year-old Pln R14del hearts showed severe 

morphological changes. A thick layer of cells covered the Pln R14 hearts, which expressed the 

embryonic epicardial gene tbx18. In addition, we observed an accumulation of immune cells, 

fibroblasts and fat in the epicardial regions of the PLN R14del hearts. 

Conclusion: By introducing the R14del mutation on plnb in zebrafish we generated a novel in 

vivo PLN R14del animal model. Pln R14del embryos display differences in cardiac Ca2+ handling, but 

no changes in contraction dynamics were observed. Hemodynamic parameters like cardiac output 

were not affected, indicating that embryos can (still) compensate for any effects of Pln R14del. 

The morphological changes in the adult Pln R14del hearts displayed some classical hallmarks of 

human PLN R14del disease, such as fibrofatty infiltrates. Further research is necessary to establish 

how well the zebrafish model recapitulates the human phenotype and if this model can be used 

to unravel human PLN R14del pathology. 
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Introduction

The phospholamban Arginine-14 deletion (PLN R14del) is a Dutch founder mutation and the most 

prevalent cardiomyopathy-related mutation in the Netherlands. It is found in 10-15% of all Dutch 

patients diagnosed with dilated cardiomyopathy (DCM) and arrhythmogenic right ventricular 

cardiomyopathy (ARVC)1, but has also been found in several other countries, including the USA, 

Canada, Spain, Germany, and Greece.2-5 Up to today, only heterozygous individuals have been 

identified.6 Patient phenotypes are very heterogeneous, not only between families but also within 

families.7,8 Overall, carriers have a high risk of developing malignant ventricular arrhythmias and 

end-stage heart failure, resulting in a high mortality and poor prognosis.9 End-stage PLN R14del 

hearts show pronounced fibrosis and fatty changes in the left and right ventricular myocardial 

wall.10 

Phospholamban (PLN; encoded by the PLN gene) is a small 52 amino-acid transmembrane 

sarcoplasmic reticulum (SR) protein and a crucial regulator of SR function and cardiac contractility 

as it can reversibly inhibit the sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA2a).11 PLN consists 

of three domains: a cytoplasmic domain (Ia), a linker domain (Ib), and a SR transmembrane 

domain (II).12 Two crucial phosphorylation sites are located within the cytoplasmic Ia domain of 

PLN; one at Ser16 which can be phosphorylated by protein kinase A (PKA), and one at Thr17
 which 

can be phosphorylated by Ca2+/calmodulin-dependent protein kinase II (CaMKII).13 Under healthy 

conditions, non-phosphorylated PLN actively inhibits SERCA activity, while phosphorylation of PLN 

during β-adrenergic stimulation releases its inhibition on SERCA, allowing more Ca2+ to flow into 

the SR. This is required to normalize cytosolic Ca2+ levels and to allow faster relaxation of the 

myofilaments at faster heart rates. Initially, it was believed that the function of PLN was restricted 

to this simple 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, PP1, I-1, and Hsp20.14 Due to the complex role of PLN in 

cardiomyocytes, it is difficult to explain how PLN R14del exerts its pathogenic effects. At the level 

of PLN-SERCA interaction, it appears that PLN R14del cannot release it inhibition on SERCA2a, 

likely due to disruption of the phosphorylation motif involving Ser16.15 Impaired SR Ca2+ reuptake, 

intracellular Ca2+ overload and activation of pathologic Ca2+ signaling pathways (via CAMKII) have 

been suggested to play an important role in the development of disease in patients. However, 

many questions still remain and the generation of suitable animal models is essential.

Different research models to study PLN R14del pathology have already been developed. In 

2006, Haghighi et al. introduced a mouse model overexpressing PLN R14del. These mice developed 

a cardiac phenotype that was very similar to patients, including ventricular dilatation, fibrosis and 

early death.2 In 2012, a second transgenic mouse was introduced by the same research group, 

but this time PLN R14del was inserted in a PLN null background. Interestingly, characterization of 

this model indicated that PLN did not co-localize with SERCA2a, but instead was misrouted to the 

plasma membrane.6 It is possible that wild-type PLN is required for the pathogenic effect of PLN 
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R14del on SERCA2a, as wild-type PLN transports the mutant protein to the SR membrane. Next 

to these mouse models, induced pluripotent stem cells (iPSCs) were used in a recent study as a 

model to investigate PLN R14del effects. iPSCs were generated from patient dermal fibroblasts and 

differentiated into cardiomyocytes (iPSC-CMs). These PLN R14del iPSC-CMs showed distinct Ca2+ 

handling abnormalities, electrical instability, abnormal cytoplasmic distribution of the PLN protein 

and increased markers of cardiac hypertrophy. Genetic correction of the mutation resulted in a 

marked improvement of the phenotypes.16 

While these studies have provided important insights in PLN R14del disease, the use of 

mice and iPSC-CMs has some drawbacks. The use of iPSC-CMs is a cell-based approach, which 

eliminates the effects of signaling cues from the rest of the organism. In contrast, mouse models 

have the advantage of organism complexity, but mice are difficult to use in a high-throughput 

manner, and in vivo cellular measurements on the heart are extremely difficult. In addition, 

the PLN R14del mouse models that are described were generated using gene-overexpression 

methods. Mutagenesis of one of the endogenous PLN genes would reflect the patient situation 

more accurately, in terms of wild-type to mutated protein ratio. 

During the past decades, the zebrafish (Danio rerio) has emerged as a powerful, cost-efficient, 

and easy-to-use vertebrate model to study human disease.17 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. In addition, humans and zebrafish have a high degree 

of genetic homology.18 Zebrafish have been widely used to study gene function using morpholino 

knock-down studies, and more recently using CRISPR/Cas9 knock-out and knock-in studies. It is 

now even possible to generate fish carrying patient-specific mutations.19 Especially appealing for 

cardiovascular research is the high number of experimental animals that can be used and the 

fact that early cardiac defects can be easily observed in vivo. In addition, we recently developed a 

novel approach to study in vivo voltage and Ca2+ dynamics in the zebrafish heart.20 Heart disease 

in zebrafish can be easily tracked into adulthood and monitored using traditional techniques like 

electrocardiography10,21, echography22,23 and histology. Also, zebrafish provide an efficient platform 

to screen chemical compounds24, which allows fast and economical surveys to identify novel 

compounds that could benefit patients, including PLN R14del patients.

In this study we present the Pln R14del zebrafish as an interesting new model to study 

human PLN R14del disease. Embryonic in vivo Ca2+ dynamics, as well as contractility responses 

at baseline and to ß-adrenergic stimulation were measured. We observed a decrease in diastolic 

Ca2+ levels, peak Ca2+ levels, and Ca2+ transient amplitudes. We did not observe differences in 

contractility dynamics or hemodynamics between Pln R14del mutants and wild-type embryos 

at baseline or after treatment with isoproterenol. In addition to the embryonic data, we found 

that approximately 25% of isolated adult Pln R14del hearts presented with severe morphological 

changes. A thick layer of cells covered these hearts, which expressed the embryonic epicardial 

gene tbx18, and showed an accumulation of immune cells, fibroblasts and fat.
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Materials and methods

Zebrafish husbandry 
Fish used in this study were housed under standard conditions as previously described.25 All 

experiments were conducted in accordance to the ethical guidelines and approved by the local 

ethics committee at the Royal Dutch Academy of Sciences (KNAW).

Generation of mutant line
pln R14del fish were generated as described before.19 Mutations were generated in wild-type 

Tupfel Longfin (TL) strain zebrafish using CRISPR/Cas9. One-cell-stage zebrafish embryos were 

microinjected with an injection mixture consisting of (final concentrations): 150 ng/μl nuclear 

Cas9 (nCas9) mRNA, 20-40 ng/μl sgRNA, 10% (v/v) Phenol Red and 25 ng/μl template oligo. 

sgRNA sequences can be provided upon request.

RT-PCR
RNA was isolated from whole embryos 4 days post fertilization (dpf) and from hearts of adult 

TL wild-type fish. Adult hearts were either processed as a whole (atrium and ventricle, but 

without the bulbus arteriosus, n=3) or separated into atrial (n=8) and ventricular (n=4) 

samples. ef1α was used as reference gene for the RT-PCR. Primers for ef1α were: forward 

primer GGCCACGTCGACTCCGGAAAGTCC, reverse primer: CTCAAAACGAGCCTGGCTGTAAGG, 

product size 465 bp. Primers for pln on chromosome 17 (plna) were: forward primer 

AAATCGATCCCCGAGTCTTT, reverse primer CCTGGGACGTATTTTGTGCT, product size 254 bp. 

Primers for pln on chromosome 20 (plnb) were: forward primer GCAGGAGCTCTTCGTCAACT, 

reverse primer GCATGAGCAGTAGAGCCACA, product size 291 bp. 

High-speed brightfield imaging
Embryos were placed in 1-phenyl-2-thiourea (PTU) 20-24 hours post fertilization (hpf) to 

prevent pigmentation. 5 dpf embryos were embedded in 0.3% agarose prepared in E3 medium 

containing 16 mg/ml Tricaine. Recordings were performed at 150 fps using a high-speed inverted 

light microscope at 28°C. We recorded hearts at baseline first. Subsequently 3 mL of 100 µM 

Isoproterenol hydrochloride (ISO; Sigma-Aldrich 1351005) in E3-Tricaine solution was added, 

incubated for 30 min, and hearts were recorded for a second time. Heart rate measurements 

and contractility parameters were analyzed from these recordings using ImageJ (U. S. National 

Institutes of Health, Bethesda, Maryland, USA). Contraction time, relaxation time and systolic 

duration were analyzed by going through the recorded movies frame by frame, and by noting (1) 

the moment the ventricular wall moved inwards and the ventricle started expelling blood (start 

of contraction), (2) the moment the ventricular wall moved back outwards (start of relaxation), 

and (3) the moment that the ventricular wall was back at its most dilated position (maximum 

relaxation). This process was repeated 3 times for each heart. Values were averaged and relaxation 
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time and contraction time were corrected for heart rate (HR) using the formula: time/√(beat to 

beat interval). From the systolic time we calculated the systolic fraction: (systolic time*HR)/60.000 

The hemodynamic parameters such as surface area and volumes were analyzed using imageJ by 

drawing an ellipse on top of the ventricle at end diastole and end systole. Per heart 6 ellipses were 

analyzed: 3 at diastole, and 3 at systole. Values were averaged. ImageJ provided the values for the 

minor and major axis of each ellipse. Diastolic and systolic surface areas were calculated using 

the following formula: (0.5*major axis)*(0.5*minor axis)*π. Fractional area change (FAC) was 

calculated by: (area diastole–area systole)/(area diastole). End diastolic and end systolic volume 

(EDV/ESV) were calculated by: (1/6)*(π)*(major axis)*(minor axis2). Stroke volume (SV) by: EDV-

ESV. Ejection fraction (EF) by: SV/EDV. Cardiac output (CO) by: SV*Heart rate. 

High-speed fluorescence imaging
pln R14del fish were crossed to tg(myl7:Gal4FF; UAS:GCaMP6f) fish20 to obtain pln R14del fish 

with a genetically encoded intracellular cardiac Ca2+ sensor. For each experiment we used the 

offspring of the same breeding pair, to limit variation in sensor expression between embryos. A 

morpholino (MO) oligomer targeted against tnnt2a (5’-CATGTTTGCTCTGATCTGACACGCA-3’) was 

injected at the 1-cell stage to uncouple contraction from excitation in embryos, thereby preventing 

contraction artifacts in our recordings of intracellular cardiac Ca2+ handling. This ‘silent heart’ ATG 

morpholino was applied as described previously.26 Embryos were placed in PTU after 20-24 hours 

to keep them transparent. 3 dpf embryos were embedded in 0.3% agarose prepared in E3 medium 

containing 16 mg/ml Tricaine and placed in a heated (28°C) recording chamber. Recordings were 

performed using a custom-build upright widefield microscope (Cairn research, Kent, UK) equipped 

with a 20x 1.0 NA objective (Olympus XLUMPLFLN20X W). Blue LED excitation light (470 nm) was 

filtered using a 470/40 nm filter (Chroma ET470/40x) and reflected towards the objective using 

a 515 nm dichroic mirror (Chroma T515lp). Emitted fluorescence was filtered by a 514 long-pass 

filter (Semrock LP02-514RU) and Images were projected on a high-speed camera (Andor Zyla 4.2 

plus sCMOS). Recordings were performed at 100 fps, for 1000 frames. Recordings were analyzed 

using ImageJ and Matlab (Version R2015a, Mathworks, Natick, MA, USA).

Adult heart staining
For paraffin sections, adult zebrafish hearts were dissected and fixed in 4% paraformaldehyde 

(dissolved in phosphate buffer containing 4% sucrose) at 4⁰C overnight, washed twice in PBS, 

dehydrated in EtOH, and embedded in paraffin. Serial sections were made at 10 µm using a 

microtome (Leica RM2035). For cryosections, zebrafish hearts were extracted and fixed in 4% 

paraformaldehyde (in Phosphate buffer) for 4 hours at room temperature. Three washes of 

10 minutes were performed using 4% sucrose (in Phosphate buffer) followed by an overnight 

incubation at 4ºC in 30% sucrose (in Phosphate buffer). Hearts were embedded in tissue freezing 

medium (Leica), frozen on dry ice and kept at -80ºC. Cryo-sectioning using Cryostar NX70 (Thermo 

Scientific) was performed to obtain 10 μm thin sections.
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In situ hybridization (ISH) was performed on paraffin sections as previously described27 

with the exception that the hybridization buffer did not contain heparin and yeast total 

RNA. Primers for the grn1 probe were: forward primer TCCCGGTGGAGACTGTAGAC, reverse 

primer AATGACGGTGCATTTTGACA. Primers for the postnb probe were: forward primer 

AGAGGTTCTGGACAGGCTCA, reverse primer AAGGCACCATTTTTCACCAG. The myl7 and tbx18 
ISH probes were described before.28,29 Hematoxylin and Eosin (H&E) staining was performed on 

paraffin sections according to standard laboratory protocols. Acid fuchsin-orange G (AFOG) and Oil 

Red O stainings were performed on cryosections as previously described.30,31 Imaging of stained 

sections was performed using a Leica DM4000 B LED upright automated microscope.

Statistical analysis
Data was analyzed blinded, with the exception of the adult heart tissue, as the phenotype was very 

apparent. Statistical analysis and drawing of graphs and plots were carried out in GraphPad Prism 

(version 6 for Mac OS X, GraphPad Software, San Diego California USA). Differences between two 

groups were analyzed using the paired Student’s t-test, and comparisons between experimental 

groups were analyzed by one-way ANOVA for non-parametric variables with Tukey’s post-test 

for intergroup comparisons. All data is presented as mean ± SD unless indicated otherwise, and 

p≤0.05 was considered significant. * p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001, n.s. p>0.05. 

n denotes the number of fish used per dataset.

Results

Zebrafish have two pln genes that are both expressed in the heart
To model the PLN R14del mutation, we first characterized the genetics of pln in the zebrafish. 

While humans only carry one PLN gene, two gene copies were identified in the zebrafish (source: 

NCBI and Ensembl databases): one is present on chromosome 17, which we referred to as ‘plna’, 

and one on chromosome 20, which we referred to as ‘plnb’ (Figure 1A). Human PLN encodes for a 

52 amino acid (aa) protein, plna and plnb for a 52 aa and a 57 aa protein, respectively (Figure 1A,C). 

To test whether both pln genes are actively transcribed in the zebrafish we performed reverse 

transcription (RT)-PCR on whole embryos, whole adult hearts, only atria and only ventricles. We 

found strong RNA expression of both plna and plnb in all these tissues, indicating that both genes 

are transcribed, already during development (Figure 1B). Alignment of the annotated human 

and zebrafish protein sequences revealed a high level of identity between zebrafish and human 

proteins: plna 67.3% and plnb 75.0%. More importantly, a full conservation of the R14 region in 

the zebrafish was observed (Figure 1C). 
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Diastolic and peak Ca2+ levels, as well as maximal Ca2+ transient amplitudes are decreased in 
Pln R14del embryos
We previously described how the R14del mutation was successfully introduced on plnb by 

injecting a short template oligonucleotide template containing the mutation together with 

Cas9/sgRNAs (Figure S1 from Tessadori et al 201819). We were unable to introduce the R14del 

mutation in plna, as PAM sites and effective CRISPR/Cas9 sgRNA sequences were all too far away 

from the R14 site (a requirement for efficient knock-in using CRISPR/Cas9). In this study we used 

embryos carrying either a heterozygous or homozygous R14del mutation on plnb and compared 

these to their wild-type siblings. As all zebrafish were wild-type for plna, we only refer to the 

plnb genotype from this point on. Embryos carrying the R14del mutation (plnbR14/+ or plnbR14/

R14) displayed no morphological changes at 5 days post fertilization (dpf) (Figure 2A), appeared 

healthy and could be raised to adulthood. As the mutated PLN protein is known to affect SERCA2a 

activity, we first studied the effects of the R14del mutation on Ca2+ transients. To this end, we 

crossed tg(myl7:Gal4FF UAS:GCaMP6f) zebrafish20 with the pln R14del line, resulting in pln R14del 

fish carrying the intracellular Ca2+ sensor GCaMP6f. GCaMP6f consists of a circularly permutated 

enhanced green fluorescence protein (cpEGFP) fused to calmodulin and the M13 peptide. When 

intracellular Ca2+ rises, calmodulin binds to M13, causing increased brightness of cpEGFP (Figure 

2B). Analysis of cardiac GCaMP6f (cpEGFP) signal intensity over time allowed examination of the 

speed of Ca2+ transient upstroke (intracellular Ca2+ release), Ca2+ transient recovery (Ca2+ reuptake/
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Figure 1. Genetics and expression of pln in the zebrafish. (A) In contrast to humans, zebrafish carry two pln genes 

instead of one. One gene is located on chromosome 17 (plna) and one on chromosome 20 (plnb). The R14del 

mutation was introduced in plnb. aa: amino acids. (B) RT-PCR data shows pln Chr 17 (plna) and Chr 20 (plnb) 

expression in 4 dpf whole embryos (n=100-200), whole hearts (n=3), only atria (n=8) and only ventricles (n=4). ef1α 
was used as control gene. A 50 bp ladder was added on both sides of the samples, the size of each band is indicated 

on the side. Neg: negative. (C) Alignment of the human (H. sapiens) and zebrafish (D. rerio) protein sequences. 

Differences in amino acid sequence are indicated in red. The R14 site is indicated in bold. The different protein 

domains are indicated by Ia (cytosolic), Ib (linker) and II (transmembrane).
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clearance), diastolic and peak Ca2+ levels, as well as maximal Ca2+ transient amplitudes (Figure 

2C). Surprisingly, we observed no significant differences in upstroke time and recovery time 
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Figure 2. Intracellular Ca2+ dynamics in hearts of Pln R14del embryos. (A) Side and top views of 5 dpf embryos that 

are wild-type for plna, and wild-type, heterozygous or homozygous for the R14del mutation on plnb. All embryos 

are from the same clutch. (B) The DNA construct and sensor dynamics of GCaMP6f. GCaMP6f is placed behind 

the myl7 promoter, which restricts its expression to the heart. The Gal4FF-UAS system amplifies its expression. 

GCaMP6f consists of a circularly permutated enhanced green fluorescence protein (cpEGFP) fused to calmodulin 

(CaM) and the M13 peptide. When intracellular Ca2+ rises, CaM binds to M13, causing increased brightness of 

cpEGFP. cpEGFP expression can be clearly observed in a widefield fluorescence image of an embryonic heart. A: 

atrium, V: ventricle. (C) Schematic representation of analyzed Ca2+ transient parameters. (D-H) Bar graphs of Ca2+ 

transient parameters (mean ± SD, plnb+/+ n=7, plnbR14/+ n=11, plnbR14/R14 n=9), including (D) upstroke time, (E) recovery 

time, (F) signal amplitude, (G) diastolic Ca2+ levels, and (H) peak Ca2+ levels. AU: arbitrary units, n.s.: non-significant. 

(I) Representative Ca2+ transients from plnb+/+, plnbR14/+ and plnbR14/R14 embryos, demonstrating reduced diastolic Ca2+ 

levels, peak Ca2+ levels, and Ca2+ signal amplitudes in plnbR14/+ and plnbR14/R14 embryos compared to wild-type siblings.
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when comparing 3 dpf plnbR14/+ and plnbR14/R14 embryos with their wild-type siblings (Figure 2D-

E), indicating that R14del embryos had a normal speed of Ca2+ release and reuptake/clearance 

G

a

v

ba

End-diastolic End-systolic

IH J

A B

C D E

150

200

250

300

H
ea

rt 
ra

te
 (b

pm
) **** *****

plnb+/+ plnbR14/+ plnbR14/R14

Baseline +100 μM ISO

F

0

5

10

15

20

25

30

FA
C

 (m
m

2 )

n.s.
Baseline +100 μM ISO

plnb+/+ plnbR14/+ plnbR14/R14

80
100
120
140
160
180
200
220
240
260
280

ED
V 

(p
L)

*** *** ***

plnb+/+ plnbR14/+ plnbR14/R14

Baseline +100 μM ISO

80
100
120
140
160
180
200
220
240
260

ES
V 

(p
L)

**** *** ***

plnb+/+ plnbR14/+ plnbR14/R14

Baseline +100 μM ISO

0

5

10

15

20

25

C
O

 (n
l/m

in
)

n.s.

plnb+/+ plnbR14/+ plnbR14/R14

Baseline +100 μM ISO

0

10

20

30

40

50

C
on

tra
ct

io
n 

tim
e 

(m
s)

co
rre

ct
ed

 fo
r H

R

n.s.

Baseline +100 μM ISO

plnb+/+ plnbR14/+ plnbR14/R14
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

R
el

ax
at

io
n 

tim
e 

(m
s)

co
rre

ct
ed

 fo
r H

R

plnb+/+ plnbR14/+ plnbR14/R14

Baseline +100 μM ISO

n.s.

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Sy
st

ol
ic

 fr
ac

tio
n

plnb+/+ plnbR14/+ plnbR14/R14

n.s.
Baseline +100 μM ISO

Image 
baseline 

100 µM isoproterenol
5’ 

Image 
+ISO

30’

time

Embed embryos and incubate at 28°C

a

v

ba

Figure 3. Cardiac function in Pln R14del embryos. (A) Overview of the experimental setup. Embryos were embedded 

in agarose and incubated for 5 minutes at 28°C. Baseline measurements were performed, embryos were incubated 

with 100 μM isoproterenol (ISO) for 30 min, and imaged again. (B-E) Bar graphs of contractility parameters at 

baseline and after incubation with 100 μM isoproterenol (mean ± SD, plnb+/+ n=22, plnbR14/+ n=25, plnbR14/R14 n=17)(** 

p≤0.01, **** p≤0.0001), including (B) heart rate, (C) systolic fraction, (D) contraction time, and (E) relaxation time. 

(F) To measure hemodynamic parameters we used imageJ to fit an ellipse over the ventricle in every recording, both 

at end-diastole (left) and end-systole (right). The long axis and short axis values were used to measure surface and 

volume. a: atrium, v: ventricle, ba: bulbus arteriosus. (G-J) Bar graphs of hemodynamic parameters at baseline and 

after incubation with 100 μM isoproterenol (mean ± SD, plnb+/+ n=22, plnbR14/+ n=25, plnbR14/R14 n=17)(*** p≤0.001, 

**** p≤0.0001), including (G) fractional area change (FAC), (H) end-diastolic volume (EDV), (I) end-systolic volume 

(ESV), and (J) cardiac output (CO). No significant differences in could be observed between plnb+/+, plnbR14/+ and 

plnbR14/R14 embryos.
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from the cytosol despite of the mutation. In contrast, diastolic and peak Ca2+ levels, as well as 

Ca2+ transient amplitudes showed a clear decrease of approximately 25-35% within plnbR14/+ and 

plnbR14/R14 embryos (Figure 2F-H). These changes could also clearly be observed in representative 

Ca2+ transients from plnb+/+, plnbR14/+ and plnbR14/R14 embryos (Figure 2I).

Contraction dynamics and hemodynamics are not affected in Pln R14del embryos
To analyze whether the differences in cytosolic calcium levels affected cardiac contractility, we 

measured contraction dynamics and hemodynamics in 5 dpf embryos. These parameters were 

measured at baseline and after 30 min treatment with 100 µM of the β-adrenergic agonist 

isoproterenol (ISO) (Figure 3A), as this drug is known to affect PLN/SERCA2a function through 

PLN phosphorylation by PKA. We first analyzed heart rate, as a standard parameter of cardiac 

function. At baseline, heart rates did not differ significantly between groups, and in response to 

100 µM ISO all groups displayed an increase in heart rate of approximately 4-8% (Figure 3B). 

Next, we analyzed the ability of the ventricular wall to contract and release its contraction. We 

measured systolic fraction (=the fraction of time the heart is in systole), contraction time (=time 

from max. relaxation to max. contraction), and relaxation time (=time from max. contraction to 

max. relaxation). Since heart rates were similar, but not equal between all groups (Figure 3B), and 

heart rate can have a significant impact on contraction time and relaxation time, we corrected 
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these parameters for heart rate. At baseline and after ISO treatment, systolic fraction, contraction 

time and relaxation time did not significantly differ between plnb+/+, plnbR14/+ and plnbR14/R14 hearts 

(Figure 3C-E). Next, we examined hemodynamic parameters, to determine if Pln R14del affects 

cardiac pump function. The ventricular surface area was measured by fitting an ellipse shape on 

the ventricular region in high speed imaging recordings of the zebrafish heart, both at diastole and 

systole (Figure 3F). Surface and volume parameters were calculated by extrapolating values of the 

long and short ellipse axis into a 3D volume, making use of existing mathematical formulas.32 We 

examined diastolic and systolic surface area, fractional area change (FAC), end-diastolic volume 

(EDV), end-systolic volume (ESV), stroke volume (SV), ejection fraction (EF), and cardiac output 

(CO). No differences were found in FAC, SV and EF between plnb+/+, plnbR14/+ and plnbR14/R14 hearts, 

at baseline or after treatment with ISO (Figure 3G, Figure S2A-B). Diastolic and systolic surface 

area, EDV and ESV were comparable between groups at baseline, but did significantly decrease 

with approximately 5-15% (p≤0.001) in all groups after treatment with ISO (Figure 3H-I, Figure 

S2C-D), indicating that the ventricle remained in a more contracted state in the presence of ISO. As 

Figure 5. Fibrin/collagen and fat staining of adult 
Pln R14del zebrafish hearts. (a-d) AFOG and (e-h) Oil 

Red O staining demonstrating fibrin and fat deposits in 

the extra tissue layer present in Pln R14del zebrafish. 
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a consequence, CO did not significantly increase in any of the groups after ISO treatment (Figure 

3J). 

Age-related cardiac remodeling in Pln R14del zebrafish 
PLN R14del-related symptoms usually develop later during life at a mean age of 44.4 years.8 To 

investigate whether Pln R14del zebrafish develop changes in heart morphology we isolated the 

hearts of older (2 years of age) wild-type controls and plnbR14/R14 fish. Strikingly 6 out of 25 pln 

R14del fish (23%) displayed severe cardiac morphological changes, compared to 0 out of 20 

(0%) wild-type fish. In addition, we identified a severely sick 9.5-month-old fish (same genotype) 

with an enlarged heart. This isolated heart displayed highly similar morphological changes when 

compared to the affected 2-year-old hearts, confirming our earlier phenotypic findings. By eye, 

affected hearts appeared larger and were covered in a white flocculent layer of tissue. Histological 

analysis demonstrated that affected Pln R14del hearts had an extra layer of tissue surrounding 
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the ventricle and bulbus arterious (Figure 4), which appeared to be fused to or originate from 

the outer cardiac layer. The extra layer was characterized by a high density of cell nuclei (Figure 4 

panel b-d, f-h, j-l) and the presence of typical sphere-like structures (Figure 4 panel h,j,l indicated 

by asterisks). 

In PLN patients, the changes in the cardiac wall are characterized by fibrofatty replacement of 

myocardial tissue. To explore whether similar processes occurred in the zebrafish we performed 

AFOG and Oil Red O staining, to visualize fibrin/collagen and fat (Figure 5). These stainings were 

performed on the 9.5-month-old Pln R14del heart and compared with a 2-year-old wildtype 

control. We did not find large collagen deposits, but the Pln R14del mutant fish did show relatively 

high fibrin levels in the extra tissue layer. Especially the sphere-like structures appeared positive 

for fibrin (Figure 5 panel b,d indicated by asterisks). The wild-type heart displayed overall higher 

levels of fibrin in the cardiomyocytes, compared to the 9.5-month-old heart (Figure 5 panel a,c), 

therefore myocardial fibrin deposits might increase with age. In addition to the higher levels of 

fibrin in the extra tissue layer of the Pln R14del heart, we also observed prominent fat deposits 

that were spread throughout this layer (Figure 5 panel f,h). Strikingly, also the sphere-like 

structures appeared to be positive for fat, indicating that both fat and fibrin are present within 

these structures (Figure 5, panel h). Fat deposits were nearly absent in the wildtype control heart 

(Figure 5, panel e,g).

To explore if myocardial or epicardial cells contributed to the extra tissue layer, we stained for 

myl7 (myocardial marker) and tbx18 (epicardial marker) using in situ hybridization (ISH) (Figure 

6A-B). These stainings revealed a clear expression of tbx18 in the extra tissue, but a complete 

absence of myl7 expression (Figure 6A-B panels a-d), indicating that the extra tissue might have an 

epicardial origin. The sphere-like structures were completely devoid of any tbx18 staining (Figure 

6B panel b,d). As the extra tissue displayed a high density of cell nuclei and increased levels of 

fibrin, we also explored the possibility of immune cell and fibroblast infiltration, by staining for grn1 
and postn respectively (Figure 6C,D). While wild-type hearts already expressed the grn1 immune 

cell marker (Figure 6C panel a,c), Pln R14del hearts showed a massive increase of immune cells, 

especially in the extra tissue surrounding the heart (Figure 6C panel b,d). Also, we observed a clear 

infiltration of fibroblasts in the extra tissue layer (Figure 6D, panel b.d), while fibroblast staining 

was nearly absent in the wild-type control heart (Figure 6D, panel a,c). The sphere-like structures 

were completely devoid of any staining for grn1 or postn. 

Discussion

The phospholamban (PLN) R14del mutation is a Dutch founder mutation and the most prevalent 

single cardiomyopathy-related mutation identified in the Netherlands. Many carriers develop 

malignant ventricular arrhythmias and end-stage heart failure. However, it remains unclear how 

exactly PLN R14del can lead to such severe cardiac changes, and suitable animal models to study 
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PLN R14del pathology over time are lacking. In this study we introduce the zebrafish as a possible 

model to study PLN R14del disease. We show that Pln R14del embryos display distinct changes in 

Ca2+ dynamics, but have no changes in contractility. In addition, approximately 25% of 2-year-old 

adult Pln R14del fish developed severe cardiac morphological changes, in the form of an extra 

tissue layer covering the heart.

In this study, we established an overview of early and late Pln R14del phenotypes in the 

zebrafish. In PLN R14del patients, myocardial fibrosis is one of the early disease features. However, 

it was recently found that fibrosis is independently associated with ventricular arrhythmias33, 

suggesting that distinct processes are involved in the development of arrhythmias in PLN patients. 

Studies using induced pluripotent stem cell cardiomyocytes have shown that PLN R14del causes 

Ca2+ overload, which may lead to activation of malignant Ca2+-related signaling pathways, peri-

nuclear protein aggregates and eventually cardiomyocyte damage.16,34 In this study we examined 

in vivo intracellular Ca2+ dynamics in Pln R14del fish, making use of the GCaMP6f sensor. We 

found that diastolic Ca2+ levels, peak Ca2+ levels, and Ca2+ transient amplitudes were markedly 

decreased in plnbR14/+ and plnbR14/R14 embryonic cardiac hearts compared to wild-type siblings. Of 

note, differences in sensor expression between embryos may (in part) attribute to the differences 

we find in diastolic and peak Ca2+ levels, therefore it is difficult to draw any conclusions based 

on this data alone. However, as the changes in signal intensity are correlated to genotype, we 

can conclude that it is a Pln R14del specific effect. In theory, a reduction in SR Ca2+ reuptake and 

SR Ca2+ content could affect systolic Ca2+ levels, as less Ca2+ is released into the cytosol during 

calcium-induced calcium release (CICR). An alternative explanation for a reduction of systolic Ca2+ 

levels would be a decrease in L-type calcium channel peak Ca2+ current, but to our knowledge no 

link has been described between PLN R14del and the L-type calcium channel. Increased diastolic 

Ca2+ levels have been associated with PLN R14del disease as a reduced SR Ca2+ reuptake can lead 

to a reduced clearance of intracellular Ca2+.16 However, we found the opposite effect in zebrafish 

embryos, as diastolic Ca2+ levels were decreased. In contrast to their less substantial role in human 

cardiomyocytes, NCX pumps play a very prominent role in Ca2+ efflux in zebrafish cardiomyocytes.35 

Changes in intracellular diastolic Ca2+ levels due to impaired SR Ca2+ reuptake may therefore result 

in enhanced NCX activity, triggered by a larger Ca2+ gradient between cytoplasm and extracellular 

space, and ultimately lower diastolic Ca2+ levels. However, such effects are at this point speculation. 

To gain more insight into the effects of Pln R14del on in vivo Ca2+ dynamics in our zebrafish model, 

it would be ideal to directly measure SR Ca2+ content in pln R14del mutants, making use of a 

specific SR Calcium sensor (D1ER/D4ER).36

Calcium is an important regulator of cardiomyocyte contractility, as free cytosolic Ca2+ ions 

bind troponin, causing contraction of the cardiomyocyte. PLN activity is tightly regulated via 

β-adrenergic signaling, as PKA activation (via cAMP) causes phosphorylation and deactivation of 

PLN. Reduced inhibition of SERCA results in an increased Ca2+ reuptake into the SR, improving 

contractility as Ca2+ is removed more efficiently from the cytosol and the myofilaments and more 

SR Ca2+ is available for the next contraction.37 In this study we demonstrate that zebrafish carrying 
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the pln R14del mutation display no or minimal changes in cardiac contractility at baseline and 

after treatment with the β-adrenergic agonist isoproterenol. It is possible that the time resolution 

(frame rate) of our recordings is too low to detect small changes in contraction and relaxation 

time, especially since relaxation time in zebrafish embryos is quite rapid (±35-45ms). However, it 

is also not surprising if zebrafish embryos can compensate for the Pln R14del mutation, as PLN 

R14del patients only present with contractile dysfunction during later stages of the disease.33 Of 

note, EDV and ESV did significantly decrease in all groups after treatment with isoproterenol, 

indicating that the ventricle remained in a more contracted state during β-adrenergic stimulation. 

This is probably caused by the negative force-frequency of the zebrafish heart, which is in contrast 

to dynamics of myocardial contraction in mammals.38 Regarding future experiments, it would 

be interesting to see how contractility parameters change in older Pln R14del fish, and if the 

differences we have found become more pronounced. 

It is important to mention that Ca2+ transients do not directly reflect dynamics of cardiac 

contractility, as myofilament affinity for Ca2+ needs to be taken into account. The efficiency of 

Ca2+-binding to the myofilaments depends on the myofilament Ca2+ sensitivity.39 Therefore Ca2+ 

transients and contractility measurements cannot be compared one on one. Zebrafish have the 

ability to adapt their myofilament Ca2+ sensitivity extensively, to maintain cardiac function under a 

large range of temperatures (6-38°C), demanding a high Ca2+ buffering capacity in the cell.40 These 

factors can explain why we find differences in the Ca2+ transients, while contractility dynamics and 

hemodynamics are not affected. 

PLN R14del patients start to develop R14del-related symptoms later during life at a mean 

age of 44.4 years.8 Therefore we examined cardiac morphology in an older Pln R14del zebrafish 

population. Adult zebrafish hearts respond to the pln R14del mutation with striking changes in heart 

morphology. In line with the variable phenotypes in patients, we observe a very heterogeneous 

effect of Pln R14del, as some zebrafish appear completely healthy while others display end-stage 

cardiac disease. At the same time, there are some significant differences between patients and 

Pln R14del zebrafish. In PLN R14del patients, myocardial fibrosis is predominantly located in the 

left posterolateral wall of the heart and to a lesser extent in the right ventricle. Fat infiltration is 

most pronounced in the right ventricular wall10,21 Pln R14del zebrafish display changes throughout 

the whole heart, showing distinct extra tissue layers at the atrium, as well as the ventricle and 

the bulbus arteriosus. This may very well be a consequence of a difference in cardiac anatomy, 

as zebrafish only have one atrium and one ventricle, resulting in a different distribution of 

hemodynamic forces. Another interesting observation is that in zebrafish the epicardial layer mainly 

seems to be affected, whereas in patients fibrofatty infiltrates are located in the posterolateral 

region of the left ventricular myocardium, right underneath the epicardium. Despite differences 

in the precise regions that are affected, the underlying processes involved in the development of 

these morphological changes might be similar. The importance of paracrine signaling between 

epicardial and subepicardial cells, as driver of morphologic changes in the subepicardial region, is 

increasingly recognized.22,23 In fact, it was shown that fat cells can derive from epicardial cells by 
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mesenchymal transformation and PPARγ activation.41 Specific remodeling of the epicardial region 

in PLN R14del patients may point towards an epicardial origin, but this has not been studied yet. 

Another factor that makes a direct comparison between zebrafish and human PLN R14del disease 

challenging is the fact that human hearts contain more myocardial fat tissue than zebrafish hearts. 

Therefore Pln R14del zebrafish hearts may develop less pronounced fat deposits. 

We observed distinct sphere-like structures, and vast immune cell infiltrations and 

fibrin deposits in Pln R14del zebrafish hearts. The sphere-like structures stained negative for 

inflammatory, myocardial and epicardial markers, but positive for fat and fibrin. Structures like 

this have never been observed in PLN R14del patients, but if these fibrofatty infiltrates develop 

in a similar fashion as myocardial fibrofatty infiltrates in patients, they might be interesting to 

explore. The extra tissue in the Pln R14del zebrafish hearts is also infiltrated with large amounts 

of inflammatory cells. Immune cells are already clearly present in the 2-year old wildtype hearts, 

but as the heart is a blood infiltrated organ, immune cells will always be present to some extent. 

Involvement of inflammation in progression of structural heart disease in arrhythmogenic 

cardiomyopathy is well known24, but to our knowledge myocardial inflammation has not yet been 

examined in PLN R14del patients. For future experiments, it would be interesting to perform 

RNA sequencing on Pln R14del zebrafish hearts of different ages and to study how transcriptome 

profiles change over time. This could identify factors that are important in the development of the 

morphological changes we observed.

In this study, we established an overview of early and late Pln R14del phenotypes in the 

zebrafish. Based on the data presented in this chapter, we can state that the Pln R14del zebrafish 

is a novel and interesting model to study PLN R14del disease. We show that Pln R14del embryos 

present with changes in Ca2+ handling, but have normal contractility dynamics. In addition, we 

demonstrate that adult fish develop changes in cardiac morphology, related to what is observed in 

patients. Extrapolation of our findings to the human situation should be done cautiously, as there 

are known differences between human and zebrafish in Ca2+ handling and cardiac anatomy, but 

also because the effects of PLN R14del on human cardiomyocyte physiology are still uncertain. In 

order to fully appreciate the Pln R14del zebrafish model to study PLN R14del disease and to test 

possible treatments that may benefit patients, additional studies are required. 
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Supplemental figures
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Figure S1. Sequencing peaks of plnb showing the R14del mutation. Sequencing peaks from a wild-type and a pln 

R14del fish. In the R14del fish, the arginine on amino acid location 14 has evidently been deleted.
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Figure S2. Cardiac hemodynamics in Pln R14del embryos. Complementary to figure 3, demonstrating additional 

bar graphs of hemodynamic parameters at baseline and after incubation with 100 μM isoproterenol (mean ± SD, 

plnb+/+ n=22, plnbR14/+ n=25, plnbR14/R14 n=17) (** p≤0.01, *** p≤0.001, **** p≤0.0001), including (A) stroke volume 

(SV), (B) ejection fraction (EF), (C) diastolic area, and (D) systolic area.
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The heart is one of the first organs to develop during embryonic development, illustrating 

its importance in maintaining life. The fundamental function of the heart is to pump blood 

throughout the body, allowing the delivery of oxygen and nutrients to tissues and the disposal of 

waste products from the body. This pumping function relies on the highly coordinated contraction 

of individual cardiac muscle cells, which is triggered by the heart’s electrical system. Electrical 

conduction starts at the top of the right atrium, where highly specialised cardiomyocytes called 

‘pacemaker cells’ are located. Pacemaker cells are capable of rhythmically producing electrical 

impulses, which trigger neighbouring cardiomyocytes to contract. The electrical impulses are 

then passed along from cardiomyocyte to cardiomyocyte, inducing contraction along the way and 

resulting in a sequential contraction of the atria and the ventricles. The processes of electrical 

conduction and cardiomyocyte contraction rely heavily on intricate signal conduction cascades 

that are regulated by cardiac ion channels and ions like Na+, K+ and Ca2+.  

Disruptions in cardiac electrical conduction can result in arrhythmias; a condition in which 

the heart beats irregular, too fast or too slow. Arrhythmias can be life threatening as they may 

cause a complete arrest of the heartbeat. Unfortunately, sudden cardiac arrest occurs out-of-

hospital in the vast majority of cases, and although resuscitation rates are increasing, the 

majority of individuals do not survive.1 As a consequence, sudden cardiac death (SCD) accounts 

for approximately 15-20% of mortality in the general population.1,2 Different cardiac pathologies 

underlie SCD, and there are various risks and predisposing factors that determine the likelihood of 

developing fatal arrhythmias, making it extremely difficult to diagnose and prevent this disease.1 

The identification of genetic factors that underlie SCD has the benefit of providing molecular leads 

that can result in an increased understanding of disease pathways.2 In addition it enables genetic 

testing and can contribute to diagnosis, risk stratification and preventative treatment. Fortunately, 

due to advancing genetic techniques, much progress has already been made over the past years. 

However, many question remain and further identification of genes that are involved in cardiac 

electrophysiology is necessary.

The zebrafish has gained increasing interest as a model organism to study human disease, 

including cardiac arrhythmias. Certain aspects of zebrafish cardiac electrophysiology, like action 

potential shape and heart rate, are very similar to that of humans. In addition, zebrafish are highly 

suitable for medium to large-scale forward and reverse genetic screens, as they can be easily 

genetically manipulated, produce high numbers of offspring, and embryos develop rapidly and 

externally.3 For this reason we implemented the zebrafish as a model to screen for genes that 

affect cardiac electrophysiology. We were able to address different questions:

1.	 Can we generate novel tools to study cardiac cellular electrophysiology in an in vivo 

setting, and use these tools to examine the cardiac changes in zebrafish mutants?

2.	 Can we identify new genes that are important in cardiac cellular electrophysiology using 

the zebrafish?

3.	 Can we use zebrafish to model known human heart disease, and study disease 

mechanisms?
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And then there was light. 

Is optogenetics a useful technique in the study of in vivo cardiac cellular electrophysiology?
Cellular electrophysiological measurements are often performed on isolated hearts or isolated 

cardiomyocytes. Undeniably, in vivo experiments provide a better understanding of the complex 

physiology of the heart and the way it functions within the context of the whole body. Optogenetics 

is a relatively new technique that combines genetic engineering with optics to observe and/or 

control the function of genetically targeted groups of cells with light.4 The technique is widely 

and successfully being applied in neuroscience, but has so far gained limited ground in cardiac 

research. This is mostly due to the gross movements of the heart and the location of the heart 

within the thorax. In chapter 2 we provide an overview of how optogenetic sensors can be useful 

tools to study the dynamics of cardiac molecules at a cellular level. In chapter 3 we implement 

optogenetic sensors for membrane voltage (chimeric VSFP-butterfly) and cytosolic Ca2+ (GCaMP6f) 

in the zebrafish heart. Excitingly, using embryos of these zebrafish we were able to study in vivo 

cardiac membrane depolarizations and cytosolic Ca2+ dynamics in a spatiotemporal manner. We 

were able to prevent movement of the heart with a knockdown approach using a silent heart 

(tnnt2a) morpholino, which enable us to look at fluorescent signals without movement artefacts. 

As embryos are transparent, recording of fluorescence signals was possible without the use of 

invasive procedures. We validated the reliability and robustness of both the VSFP-butterfly 

and GCaMP6f sensor and show that both sensors accurately reflect cardiac electrophysiology. 

Therefore, parallel use of these zebrafish lines provides a powerful new tool to study in vivo 

excitation-contraction coupling. We were also able to measure GCaMP6f signals in older larvae 

of 14 days old, making use of the transparent casper fish5 and treatment with the non-toxic drug 

‘para-amino-blebbistatin’ to block contraction.6

This study in chapter 3 demonstrates that the optogenetic VSFP-butterfly and GCaMP6f fish 

lines provide excellent tools to study membrane voltage and Ca2+ transients in vivo in embryonic 

and larval zebrafish. However, as cardiac cellular electrophysiology is extremely complex and 

many molecules are involved in maintaining a proper conduction and contraction, it is compelling 

to generate more optogenetic zebrafish lines in the future. Especially since we now have the 

complete toolset to analyse such lines. New optogenetic fish could provide a more comprehensive 

view of the in vivo effects of for example genetic mutations. In this regard, it would be very 

interesting to study molecule dynamics (e.g. Ca2+) at additional locations within cardiomyocytes, 

such as the sarcoplasmic reticulum, and to combine different optogenetic sensors in one fish line. 

This would allow either the simultaneous analysis of different molecules at a similar/different 

cellular location, or the simultaneous analysis of the same molecule at different cellular locations, 

and would eliminate the influence of inter-animal variability on measurements, including genetic 

influences and heart rate differences. It is relatively easy to target genetically encoded sensors 

to a specific location within the cell, by implementing a localization motif.7 However, the sensor 

itself also has to be equipped for the specific subcellular conditions. When the concentration 
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of a molecule is high for example, the sensor requires different kinetics compared to when a 

molecule has a low concentration.8 Ideally, sensors should exhibit strong fluorescence, high signal 

to noise ratio, fast kinetics, not interfere with local processes, and possess a suitable affinity for the 

molecule of interest at the specific subcellular location. Fortunately, the optogenetic research field 

is very dynamic, and new sensors with optimized characteristics are constantly being developed. 

There are also some important limitations to the in vivo use of optogenetics. In zebrafish 

embryos, the heart can be easily observed through the skin, as the skin is transparent. However, a 

contraction block (using a tnnt2a knockdown approach or treatment with para-amino-blebbistatin) 

is still necessary to visualise cardiac optogenetic signals and eliminate movement artefacts. 

Blocking contraction will however interfere with normal hemodynamics and could affect certain 

aspects of heart physiology.9 Obviously, an approach where there is minimal interference with 

heart physiology would be preferable. The development of software and/or microscope systems 

that can correct for cardiac movement, but still provide detailed beat-to-beat information, would 

therefore definitely move the field forward. Unfortunately, such systems are extremely complex 

and will likely not be realised within the next couple of years. Another limitation is the age at 

which we can analyse optogenetic sensors in fish or other animals. At the moment, we can only 

image young zebrafish, as they are less dependent on a functional circulation and their skin is still 

thin enough to penetrate with excitation light. However, older animals have a more developed 

heart and measurements may therefore reflect the human situation more accurately. For now, 

measurements in older animals are only possible using invasive techniques or in vitro experiments. 

The optogenetic field is moving rapidly and gaining more and more interest. Next to its 

usefulness as a tool in research, it even has the potential to be used as a therapy in the clinic. 

Researchers have for example been able to restore sight in blind rodents10 and have stopped 

seizures in epileptic animals.11 All this has been achieved by controlling cells with optogenetics. 

While this was not the focus of my research, and it may be a long road before such a treatment 

will be applied in the clinic, there may be a unique potential of optogenetics for cardiac therapies, 

including cardiac pacing and resynchronization therapies.12 Optogenetic pacing strategies may 

also be interesting for future experiments, as it could eliminate experimental variation that is 

caused by heart rate differences between animals. 

Fishing for new genes.

GNB5, the brake of the cardiac parasympathetic system
Heterotrimeric G proteins are important for signal transduction as they are associated with G 

protein-coupled receptors (GPCRs) and modulate a vast array of cellular functions. G proteins are 

composed of α, β, and γ subunits. Guanine nucleotide-binding protein subunit β5 (GNB5/Gβ5) is 

one of the different β-subunits. A role of GNB5 in neurological and ophthalmologic function was 

reported previously13-17, and in chapter 4 and chapter 5 we identify GNB5 as an important regulator 
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a multisystem syndrome in which affected individuals present with a clinical overlap of neurological 

and cardiac conduction defects, including heart-rate disturbances, eye disease, intellectual 

disability, gastric problems, hypotonia, and seizures. In our study, nine affected individuals from 

six different families were identified. After publication, additional cases have been reported18-21, 

which brings the total identified GNB5 patients to 21, originating from 9 different families. The 

zebrafish has two GNB5 paralogs as a result of an ancient genome duplication event. Using CRISPR/

Cas9 we developed a gnb5a/gnb5b knockout zebrafish, which shows altered responses to touch, 

impaired ocular movement, and cardiac sinus node dysfunction, thus recapitulating the patient 

phenotypes. This provided evidence that GNB5 is indeed the disease-causing gene in this disorder. 

It also demonstrates that the gnb5 knockout zebrafish is an excellent model to study molecular 

mechanisms of GNB5 disease. 

Figure 1. The role of GNB5 in the cardiac parasympathetic signalling cascade. Acetylcholine (ACh) is released 

by the post-ganglionic parasympathetic nerves and binds to the M2 receptor on pacemaker cells and atrial 

cardiomyocytes. The M2 7-transmembrane receptor changes conformation and the coupled G protein is activated, 

dissociating into Gα and Gβγ. The Gβγ complex in turn activates the GIRK1/4 channel, resulting in an efflux of K+ and 

hyperpolarization of the cell membrane. This renders the cell less susceptible to new electrical stimuli and thereby 

lowers the heart rate. Under healthy conditions, GNB5 (Gβ5) inhibits the βγ-GIRK1/4 interaction, and provides a 

brake to the parasympathetic response. When GNB5 function is lost, the parasympathetic response results in an 

extreme hyperpolarization of the cell membrane and the heart becomes bradycardic.
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It has been reported that GNB5 has an inhibitory effect on G protein-coupled inwardly 

rectifying K+ (GIRK) channels.22,23 In the heart, this channel is predominantly expressed in 

pacemaker cells and atrial myocytes, and consists of heterotetramers of GIRK1 (Kir3.1) and GIRK4 

(Kir3.4) subunits. The GIRK1/4 channel underlies the acetylcholine (ACh)-activated K+ current 

(IK,Ach), which is important for the parasympathetic responsiveness of the heart. During rest, ACh 

is released from post-ganglionic parasympathetic neurons and binds to the G-protein coupled M2 

muscarinic receptors on pacemaker cells and atrial cardiomyocytes. Binding of ACh triggers the 

activation of heterotrimeric G-proteins that dissociate into Gα-GTP and Gβγ subunits (this complex 

does not contain GNB5, but possibly GNB224). The Gβγ complex binds and activates the cardiac 

GIRK channel, resulting in K+ efflux and membrane hyperpolarization, slowing depolarization in 

pacemaker cells and atrial cardiomyocytes. This decreases spontaneous pacemaker cell activity 

and atrial cardiomyocyte responsiveness. In contrast to other β-subunits, β5 binds to the RGS 

family of proteins and has an inhibitory effect on GIRK, which dampens the parasympathetic 

response (Figure 1). In chapter 5 we show that the S81L GNB5 mutation, a mutation that we 

frequently observed in GNB5 patients, results in an increased IK,ACh density and in excessive slowing 

of spontaneous activity upon stimulation with the cholinergic agonist carbachol (CCh) in human 

induced pluripotent stem cell cardiomyocytes (hiPSC-CMs). Zebrafish with a loss of function of 

Gnb5, show a highly similar response as heart rates decrease drastically in response to cholinergic 

stimulation with CCh. We demonstrate that the bradycardic phenotype can be reversed by 

specifically blocking IK,ACh, both in hiPSC-CMs and in the gnb5 zebrafish mutant.

Overall, our studies in chapter 4 and chapter 5 reveal an important role of GNB5 in cardiac 

parasympathetic regulation, and unravel the molecular mechanism of cardiac GNB5 function to a 

large extent. At the same time, it would be interesting to explore the role of GNB5 even further. 

At this point, it remains unclear how IK,Ach 
 density increases in iPSC-CMs with the S81L GNB5 

mutation, and if this effect is similar in other GNB5 mutations or with a full loss of GNB5. Also, 

the GNB5-RGS complex may have additional effects within cardiomyocytes. Interestingly, a recent 

publication demonstrated that GNB5 may be involved in cardiac Ca2+ signalling, in a process that is 

referred to as store-operated calcium entry (SOCE).25 SOCE refers to the replenishment of (sarco)

endoplasmic reticulum Ca2+ stores by specialised Ca2+ channels, such as Stim1-Orai1 complexes. 

Cells expressing GNB5 showed an enhanced store-operated calcium entry (SOCE) when Stim1-

Orai1 complexes were also present. This is intriguing, as SOCE has been associated with chronic 

cardiac disease development.26-28 

In chapter 4 and chapter 5 we mainly focussed on the molecular mechanisms of GNB5 in 

cardiac function. However, as the gnb5 knockout zebrafish recapitulates many patient symptoms, 

it would be interesting to exploit this model also for detailed research into neurologic and 

ophthalmologic GNB5 pathways. In addition, we can use gnb5 knockout zebrafish to screen for 

drugs that can interfere with disease processes. In the end, that is the main goal of developing 

animal disease models: to understand human disease and identify pathways for therapeutic 

intervention. We have demonstrated that inhibition of the cardiac-specific GIRK1/4 channels 
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can rescue the bradycardic phenotype in both zebrafish and iPSC-CMs. As GNB5 also regulates 

GIRK channels in neurons, it would be interesting to explore general GIRK channel blockers as a 

potential therapy for GNB5 patients. To our knowledge, there are no FDA approved drugs that 

specifically target GIRK-channels, but certain antidepressants (e.g. imipramine, desipramine, 

amitriptyline and citalopram) can block GIRK channels in addition to their primary effects.29 While 

such drugs will undeniable produce side effects, it will be interesting to determine if the most 

debilitating symptoms in GNB5 patients, such as mental retardation, hypotonia and bradycardia 

can be alleviated using antidepressants. Promisingly, a study using mice with constitutively active 

GIRK2 demonstrated that antidepressants (here desipramine and fluoxetine) can indeed restore 

motor disturbances.30

Tmem161b, the versatile electrophysiological newbie
Transmembrane (TMEM) proteins are proteins that are linked to and span across biological 

membranes. Within the TMEM class of proteins, there is also a TMEM family of proteins. 

Interestingly, the biological function of most members of this family remains unknown, mostly 

due to difficulties in the extraction and purification of transmembrane proteins. In chapter 6 
we identify Tmem161b as a novel regulator of cardiac ion channels as tmem161b-/- zebrafish 

embryos present with severe arrhythmias that increase in frequency and severity over time. These 

arrhythmias include sinoatrial node irregularities, bradycardia and/or atrioventricular-block. 

Tmem161b has a completely unknown function, but its sequence is highly conserved between 

zebrafish and human. We used the chimeric VSFP-butterfly sensor and the patch clamp technique 

to study action potential (AP) morphology and ion channel currents in tmem161b mutants. In 

vivo APs of tmem161b-/- mutant embryos show a significantly prolonged action potential duration 

(APD) compared to wild-type siblings. As tmem161b-/- fish generally die between 7-14 days 

post fertilization we decided to isolate cardiomyocytes from adult heterozygous fish. In these 

cardiomyocytes, we observed APs with a more pronounced and faster phase 1 repolarization, 

a severely prolonged and lower plateau phase, and early after depolarisations at lower pacing 

frequencies. Subsequent voltage clamp experiments showed that IKr
 and ICa,L are increased in 

response to the tmem161b mutation. This indicates that more K+ is leaving the cell via hERG 

channels during repolarization, and that more Ca2+ enters the cell via L-type calcium channels 

during depolarization/repolarization. We postulate that the increase in ICa,L has a dominant effect 

over the increase in IKr, as an increase in IKr would normally result in a shorter repolarization 

phase. Also, arrhythmias in the tmem161b zebrafish mutants show remarkable similarities to 

the arrhythmic phenotype observed in Timothy Syndrome patients, who carry a gain-of-function 

mutation in the L-type calcium channel. Unfortunately, we were unable to address how and where 

Tmem161b exerts its function within cardiomyocytes. Based on the fact that Tmem161b affects 

multiple cardiac ion currents, and the fact that the gating properties of ICa,L are not affected, we 

hypothesize that Tmem161b is part of macromolecular signalling complexes that regulate cardiac 

ion channel activity or membrane expression. 
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Excitingly, our first results indicate that Tmem161b is an important novel regulator of cardiac 

electrophysiology. We have however only scratched the surface when it comes to Tmem161b 

function, and further research is necessary to fully determine the importance of this protein, also 

within the human heart. Many questions remain, including: what causes the pronounced phase 

1 repolarization we observe in isolated mutant tmem161b cardiomyocytes? Where is Tmem161b 

located within cardiomyocytes? Which proteins does Tmem161b bind? How can Tmem161b 

affect both IKr and ICa,L? How does loss of Tmem161b result in an increase of IKr and ICa,L? Are other 

currents affected in tmem161b mutant fish? What is the function of Tmem161b in the sinoatrial 

node? Does it regulate the funny current (If)? Do mutations of TMEM161B also cause arrhythmias 

in humans? 

In order to determine if TMEM161B is important in human electrophysiology, it would be 

interesting to see if hiPSC-CMs carrying a mutation in TMEM161B display similar changes in 

AP morphology as we observed in zebrafish. Also, the analysis of TMEM161B expression and 

TMEM161B mutations in healthy and diseased human heart tissue may provide important 

information on TMEM161B function in the human heart. To answer the question of were in 

the cell Tmem161b is active, it would be interesting to develop a transgenic zebrafish model 

with fluorescently tagged Tmem161b. Also transfecting hiPSC-CMs with fluorescently tagged 

TMEM161B could provide more details on where the protein is expressed within human 

cardiomyocytes. It will likely be difficult to isolate TMEM161B protein for co-immunoprecipitation 

or mass spectrometry, as transmembrane proteins are notoriously difficult to isolate.31 This would 

however, provide important information on the binding partners of TMEM161B and provide a link 

for further research.  

The zebrafish. A fintastic model.

Modelling PLN R14del, a mutation with Dutch roots, in the zebrafish
The phospholamban Arginine-14 deletion (PLN R14del) is the most prevalent cardiomyopathy-

related mutation in the Netherlands, as it is found in 10-15% of all Dutch patients diagnosed 

with dilated cardiomyopathy (DCM) and arrhythmogenic right ventricular cardiomyopathy (ARVC). 

Interestingly the origin of the mutation has been traced back to a Dutch founder from Friesland 

(a province in the north of the Netherlands) that lived approximately 600-800 years ago.32 As a 

result, most carriers of the PLN R14del mutation still live in the northern part of the Netherlands. 

The mutation has also been found in several other countries, including the USA, Canada, Spain 

and Germany, likely due to immigration of Dutch inhabitants.33-36 Patient phenotypes are highly 

heterogeneous, but overall, carriers of the PLN R14del mutation have a high risk of developing 

malignant ventricular arrhythmias and end-stage heart failure, resulting in a high mortality and 

poor prognosis.37 End-stage PLN R14del hearts show pronounced fibrosis and fatty changes in the 

left and right ventricular myocardial wall.38 
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PLN is a small 52 amino-acid transmembrane sarcoplasmic reticulum (SR) protein and a crucial 

regulator of SR function and cardiac contraction. Under basal conditions, non-phosphorylated PLN 

inhibits SERCA2a activity, the ion pump that is responsible for Ca2+ reuptake into the SR. During 

β-adrenergic stimulation, PLN is phosphorylated and releases its inhibition of SERCA2a. This allows 

more Ca2+ to flow into the SR, resulting in a faster relaxation of cardiomyocytes and enhanced 

contractility due to an increased calcium-induced calcium release. It is a generally accepted that 

PLN R14del cannot release its inhibition of SERCA2a due to a disruption of the PKA phosporylation 

motif on PLN. However, the pathologic role of PLN R14del likely extends beyond its interaction 

with SERCA, as PLN is in fact part of a multimeric regulatome, with various interacting partners. 

To study the effects of the mutation in more detail and to get a better understanding of disease 

mechanisms, we developed a pln R14del zebrafish using a CRISPR/Cas9 knock-in strategy. In chapter 
7 we show that this zebrafish is an interesting new model to study human PLN R14del disease. 

Embryos display changes in cytosolic Ca2+ dynamics, but not in contractility and hemodynamic 

parameters. This is not surprising as patients usually develop mutation-related phenotypes much 

later during life, at a mean age of 44.4 years.32 In line with patients, cardiac disease in adult fish 

is very heterogeneous, and approximately 25% of older Pln R14del zebrafish present with severe 

morphological changes of the heart, in the form of a thick layer of cells that covers the heart. 

This layer expresses the embryonic epicardial gene tbx18 and shows an accumulation of immune 

cells, fibrin, fibroblasts and fat. Despite of differences in the affected heart region in zebrafish and 

human, the processes that underlie the development of the cardiac morphological changes might 

be very similar.

In this study, we have tried to provide an overview of cardiac function in Pln R14del zebrafish, 

but there are some fundamental questions that remain. At this point, we have only examined early-

stage and late-stage animals. However, the early-stage animals do not have a clear contractility 

phenotype despite of changes in cytosolic Ca2+ dynamics and analysis of end-stage hearts will likely 

only provide limited answers as to how R14del disease can develop, since many compensatory 

pathways will be activated. Therefore it would be interesting to trace disease progression over 

time. When do R14del zebrafish start to develop contractility problems? How do Ca2+ dynamics 

change after the embryonic stages? How is structural remodelling of the heart induced? 

Contractility of the heart can be traced for example by echography, and Ca2+ dynamics can be 

measured using in vitro experiments with Pln R14del GCaMP6f hearts or isolated cardiomyocytes. 

To explore detailed cellular responses over time, mRNA sequencing on hearts from different ages 

could be a good approach, as it will provide a complete overview of transcriptome changes and 

may identify novel targets that are involved in R14del disease progression. A recent study with 

iPSC-CMs demonstrated that PLN R14del also results in changes in action potential shape.39 It 

would therefore be useful to measure action potentials in isolated zebrafish cardiomyocytes, as 

this would allow the detailed detection of electrophysiological changes over time. This may be an 

important parameter, as PLN R14del patients can develop fatal arrhythmias also in the absence of 

structural heart disease.37   
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We observed that the extra tissue layer in Pln R14del mutants is positive for the epicardial 

marker tbx18. This could indicate that epicardial cells have an important impact on R14del disease 

progression. Interestingly, a role of paracrine signalling between epicardial and subepicardial 

cells, as driver of morphologic changes in the subepicardial region, is recognized.40,41 It was even 

demonstrated that fat cells can derive from epicardial cells by mesenchymal transformation and 

PPARγ activation.42 To investigate epicardial involvement, it would be interesting to trace the 

epicardial cells over time. A zebrafish line with inducible Cre-recombinase activity in endocardial 

cells has been described before (the tg(tcf21:CreErt)pd42 zebrafish line)43 and would be highly 

useful for such experiments. A final but important question that needs to be addressed is the 

heterogeneity of Pln disease, both in zebrafish and patients. Why do some zebrafish/patients 

develop heart failure, while others do not? At this point it is very difficult to answer such a 

question, as we do not fully understand Pln pathology. Hopefully, mRNA sequencing data or data 

from other experiments can give us clues for future research. 

For now, it is good to be cautious with the extrapolation of our findings to the human situation. 

There are known differences between human and zebrafish in Ca2+ handling and cardiac anatomy, 

but we also do not fully understand the effects of PLN R14del on human cardiomyocyte physiology. 

Hopefully, additional studies will provide a better overview of the potential of this zebrafish model 

to study PLN R14del disease and to test possible treatments that may benefit patients. 

 

Final remarks

In this thesis, I have organized almost 5 years worth of data. I hope that my work demonstrates 

how versatile the zebrafish is as a model organism, and how useful this vertebrate can be for 

genetics screens and to model human disease. Overall, we were able to develop new tools to 

study in vivo cardiac cellular electrophysiology, we identified two novel genes that are involved 

in cardiac electrophysiology, and we developed a zebrafish model of human heart disease. In 

addition to the zebrafish lines that have been described in this thesis, I generated more mutant 

zebrafish lines (e.g. sphkap and flot2). Unfortunately, I was unable to characterize these mutants 

during my PhD due to time limitations. I hope that my work will be continued and that what 

we have learned about cardiac electrophysiology will inspire other researchers and will someday 

benefit patients in the clinic. 
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Figuur 1. Een groep zebravissen. Bron: 

www.tuebingen.mpg.de

Nederlandse samenvatting

Hartritmestoornissen
Het hart slaat ongeveer 100.000 keer per dag en pompt daarmee zo’n 7.500 liter bloed door het 

lichaam. Dit is belangrijk voor het leveren van zuurstof aan organen en het afvoeren van afvalstoffen 

uit het lichaam. Het hart bestaat uit miljoenen hartspiercellen die heel gecoördineerd en ritmisch 

samentrekken. Om dit voor elkaar te krijgen heeft het hart een pacemaker; een groepje zeer 

gespecialiseerde hartcellen. Deze pacemakercellen kunnen elektrische pulsen (actiepotentialen) 

produceren en doorgeven aan de rest van het hart. Wanneer een elektrische puls een hartspiercel 

(cardiomyociet) bereikt, zorgt dit ervoor dat deze cel gaat samentrekken. Uiteindelijk trekt zo het 

hele hart samen en wordt het bloed uit het hart gestuwd.  

	 Het is niet moeilijk om voor te stellen dat een verstoring in de productie en/of de voortgeleiding 

van deze elektrische pulsen kan leiden tot hartritmestoornissen, ook wel aritmieën genoemd. 

Hierbij slaat het hart te snel (tachycardie), te langzaam (bradycardie), of onregelmatig. Dit kan 

levensgevaarlijk zijn, omdat het bloed soms nog maar amper rondgepompt wordt. Aritmieën 

kunnen er zelfs voor zorgen dat het hart helemaal stopt met kloppen. 

	 Per jaar overlijden miljoenen mensen wereldwijd aan plotselinge hartdood, maar helaas 

weten we nog te weinig van hartritmestoornissen om dit aantal flink te laten dalen. Dat komt 

omdat de onderliggende oorzaak erg complex kan zijn. We kunnen daarom slecht voorspellen 

welke personen een hartritmestoornis gaan ontwikkelen en hoe we deze personen het beste 

(preventief) kunnen behandelen. In het onderzoek van dit proefschrift hebben we geprobeerd 

meer inzicht te krijgen in de genetische achtergrond van hartritmestoornissen. Als bekend is 

welke genen belangrijk zijn voor de elektrische functie van het hart, kunnen we beter voorspellen 

welke personen risico lopen en krijgen we meer inzicht in de processen die belangrijk zijn voor het 

ontstaan van hartritmestoornissen. Voor dit promotieonderzoek hebben we de zebravis gebruikt 

als een model voor de mens. 
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Zebravissen en genetisch onderzoek
De zebravis is een tropisch visje uit India van ongeveer 2-5 cm groot met blauwe strepen. Hij wordt 

veel gebruikt in wetenschappelijk onderzoek, bijvoorbeeld voor onderzoek naar embryonale 

ontwikkeling of naar genetische ziektes. Deze populariteit heeft de zebravis vooral te danken aan 

de volgende factoren: 1) het feit dat hij klein is, 2) weinig kost, 3) makkelijk in grote aantallen te 

houden is, en 4) dat de embryos en larven zich buiten de moeder ontwikkelen, doorzichtig zijn 

(o.a. het hart is door de huid heen te zien) en makkelijk genetisch te manipuleren zijn. Hoewel 

zebravissen op het eerste oog niet erg op mensen lijken, hebben ze meer overeenkomsten dan 

je zou verwachten. Toen onderzoekers een directe vergelijking maakten van het genoom van de 

mens en het genoom van de zebravis (het genoom is alle erfelijke informatie in een cel), zagen ze 

dat ongeveer 70% van alle genen in de mens ook terug te vinden zijn in de zebravis. Ook vonden 

ze maar liefst 82% van alle ziekte veroorzakende genen in mensen terug in de zebravis. Daarnaast 

hebben zebravissen volledig herkenbare organen, zoals hart, lever, nieren en alvleesklier, en 

hebben deze organen een heel vergelijkbare functie met die van de mens. 

	 Hoofdstuk 1 is een algemene introductie waarin we de elektrische functie van het hart en het 

gebruik van de zebravis in de wetenschap uitgebreid beschrijven.  

Optogenetische  sensoren 
In de literatuurstudie in hoofdstuk 2 geven we een overzicht van verschillende optogenetische 

sensoren die gebruikt kunnen worden om moleculaire processen in het hart te bestuderen. 

“Opto-” staat voor “optic” en geeft aan dat deze sensoren werken met behulp van licht. De 

sensoren bevatten namelijk fluorescente eiwitten. “-genetisch” geeft aan dat deze sensoren 

als code ingebouwd kunnen worden in het DNA. DNA wordt door de cel gelezen en vertaald in 

eiwitten. Door de toevoeging van een extra stukje code (bijvoorbeeld een promotor sequentie) 

kunnen optogenetische sensors heel specifiek tot expressie gebracht worden in cellen van 

het lichaam, bijvoorbeeld in de hartspiercellen. Op die manier kunnen bepaalde moleculaire 

processen zichtbaar gemaakt worden in deze specifieke cellen. Denk hierbij aan veranderingen 

in calcium (Ca2+), actiepotentialen, en andere moleculaire processen die we normaal met het oog 

niet kunnen waarnemen. Dit kan veel inzicht geven in de manier waarop het hart werkt en hoe dit 

wordt verstoord bij ziekte. 

	 In hoofdstuk 3 passen we twee optogenetische sensors toe in de hartspiercellen van 

zebravissen: één die calcium meet (GCaMP6f) en één die voltage meet (chimeric VSFP-butterfly 

CY). Calcium en elektrische signalen zijn belangrijk voor een goede functie van het hart. We laten 

zien dat we zonder invasieve methoden de fluorescentie van de sensors kunnen meten. Dit is 

belangrijk omdat we op deze manier processen die in het hart plaatsvinden, in de context van 

het lichaam kunnen meten. Weefsels en organen in het hele lichaam kunnen namelijk met elkaar 

communiceren en elkaars functie beïnvloeden. We valideerden de werking van de sensoren 

door de zebravissen te behandelen met verschillende medicijnen (met een bekende werking 

op het hart). Propranolol is bijvoorbeeld een b-blokker en verlaagt de hartslag. Dit was, zoals 
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verwacht, zichtbaar met onze sensoren in de vorm van een lagere signaalfrequentie van de sensor. 

Isoproterenol daarentegen is een b-agonist en verhoogt de hartslag. Ook dit was zichtbaar met 

onze sensoren in de vorm van een hogere signaalfrequentie van de sensor. Het doel van deze 

studie was om een nieuw onderzoeksmodel te introduceren dat gebruikt kan worden voor de 

studie van hartritmestoornissen. 

Patiënten met een trage hartslag en ontwikkelingsproblemen
Soms komt een zeldzame ziekte bij één of meerdere kinderen van een gezin voor. Dat kan komen 

omdat een verandering in een gen (een zogenaamde mutatie) bij zowel de moeder als de vader 

voorkomt en vervolgens doorgegeven wordt aan een kind. In hoofdstuk 4 beschrijven we een 

nieuw syndroom dat voorkomt bij kinderen uit zes gezinnen. Deze kinderen vertonen allemaal 

hetzelfde spectrum aan symptomen, waaronder een pathologische verlaging van de hartslag, 

toevallen, oogproblemen, ontwikkelingsproblemen en problemen met de spieraansturing. 

Door het genoom van de patiënten en ouders te bestuderen, werden mutaties in het GNB5-gen 

gevonden. Om te controleren of dit gen inderdaad verantwoordelijk is voor het syndroom, hebben 

we vergelijkbare mutaties aangebracht in het GNB5-gen van zebravissen. Vervolgens hebben we 

gekeken naar de symptomen die deze vissen vertoonden en zagen dat deze voor een groot deel 

overlapten met die van de patiënten. Zo hadden vissen met een GNB5 mutatie moeite om te 

zwemmen, problemen om licht te volgen met hun ogen, en een pathologisch verlaagde hartslag. 

Dit bevestigt dat mutaties in het GNB5-gen verantwoordelijk zijn voor dit zeldzame syndroom. 

	 Om meer te leren over de functie van GNB5 in het hart, hebben we in hoofstuk 5 verder gekeken 

naar GNB5 met behulp van losse hartspiercellen (zogenaamde human-induced pluripotent stem 

cell-derived cardiomyocytes) in kweek. Deze hartspiercellen bevatten gezond GNB5 of gemuteerd 

GNB5. Hartspiercellen hebben allerlei ion-kanalen. Dat zijn poortjes waarbij ionen, bijvoorbeeld 

calcium (Ca2+) of kalium (K+), naar binnen en/of naar buiten kunnen stromen. Op die manier kan 

een hartspiercel heel nauwkeurig regelen hoeveel er van elk ion in de cel aanwezig is. Met behulp 

van de techniek “patch-clamp” kan de beweging van ionen door de kanalen gemeten worden. 

Figuur 2. Links een voorbeeld van een optogenetische sensor in een neuron en rechts in een zebravis hartje. In 

dit geval zijn het sensors die spanning/voltage (links) en Ca2+ concentraties (rechts) kunnen meten. Bron: www.

sciencedaily.com en onze eigen data.
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Uit onze metingen bleek dat een mutatie in GNB5 zorgt voor een verandering in een uitwaartse 

kalium stroom (IK,ACh) die erg belangrijk is voor het verlagen van de hartslag tijdens rust. Er lijkt bij 

de mutatie meer kalium door de IK,ACh kanalen te stromen, omdat er meer IK,ACh kanalen aanwezig 

zijn. Dit komt mogelijk omdat GNB5 dit kanaal normaal gesproken remt, maar dat door de mutatie 

niet meer kan. Door de toegenomen uitwaartse kaliumstroom, kan de cel minder goed geprikkeld 

worden door elektrische signalen en wordt de hartslag van patiënten soms gevaarlijk. We laten in 

deze studie ook zien dat behandeling met een medicijn dat het IK,ACh kanaal remt (XEN-R0703) een 

lage klopfrequentie kan voorkomen, zowel in losse hartspiercellen als in de zebravissen met een 

GNB5-mutatie.

Een zebravis met hartritmestoornissen
In hoofdstuk 6 beschrijven we een nieuw gen dat waarschijnlijk belangrijk is voor de elektrische 

functie van het hart: TMEM161B. In een genetische screen in zebravissen, waarbij willekeurig 

mutaties worden gemaakt over het hele DNA, viel het op dat een bepaalde groep vissen ernstige 

hartritmestoornissen had. Na een analyse van het genoom, bleek er een mutatie in het TMEM161B-

gen te zitten. We hebben de optogenetische sensoren van hoofdstuk 3 en de patch-clamp techniek 

gebruikt om te onderzoeken wat er op moleculair niveau fout gaat bij deze mutatie. Uit deze 

metingen blijkt dat TMEM161B een aantal belangrijke ion-stromen in hartspiercellen reguleert, 

waaronder calcium (ICa,L) en kalium (IKr), die betrokken zijn bij de vorming van actiepotentialen 

(elektrische pulsen). Hoe TMEM161B deze ion-stromen precies reguleert en of TMEM161B ook 

belangrijk is in het menselijke hart kunnen we naar aanleiding van deze studie helaas nog niet 

zeggen.  

Een zebravis met een patiënten-mutatie
De PLN-R14del-mutatie is een relatief veelvoorkomende mutatie in Nederland. In het noorden 

van Nederland heeft naar verwachting ongeveer 1 op 1500 mensen deze mutatie. Dit komt 

waarschijnlijk omdat ±700 jaar geleden een gen-mutatie is opgetreden in een Friese voorouder. 

Deze mutatie is doorgegeven van generatie op generatie en is zo steeds meer verspreid over 

Nederland en ook over andere landen. Helaas kan het dragen van een kopie van de mutatie leiden 

tot ernstige veranderingen in de hartspierwand (cardiomyopathie) en tot aritmieën. Veel patiënten 

hebben op den duur zelfs een harttransplantatie nodig. Hoewel de R14del-mutatie in het PLN-

gen dus relatief veel voorkomt in Nederland, is de mutatie nog redelijk onbekend en weten we 

eigenlijk niet goed hoe de mutatie leidt tot zo’n ernstig ziektebeeld. Om die reden hebben we in 

de studie in hoofdstuk 7 precies dezelfde mutatie aangebracht in het PLN-gen van de zebravis. 

We hebben deze vissen vervolgens een tijd lang gevolgd en zagen dat deze vissen soms ook 

ernstige veranderingen in het hart ontwikkelden. We weten dat het PLN-eiwit belangrijk is voor de 

calciumhuishouding van hartspiercellen en hebben daarom de calcium sensor uit hoofdstuk 3 ook 

toegepast in PLN-R14del-vissen. Uit metingen met deze sensor bleek dat de hartspiercellen van 

PLN-R14del-vissen inderdaad al in een vroeg stadium veranderingen laten zien. Helaas kunnen we 
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met de resultaten uit hoofdstuk 7 nog geen grote conclusies trekken, maar het laat wel zien dat 

de PLN-R14del-zebravis in vervolgonderzoek mogelijk kan bijdragen aan een beter begrip van het 

PLN-R14del-ziektebeeld in patiënten.  

Conclusie
Hoofdstuk 8 is de algemene discussie van dit proefschrift. Hierin discussiëren we over de 

resultaten die we in dit proefschrift presenteren en bekijken we deze resultaten in een bredere 

context. Ook kijken we hoe onderzoek naar aritmieën in de toekomst aangepakt kan worden. 

In het kort concluderen we in dit proefschrift dat optogenetische sensors nuttig kunnen zijn in 

moleculaire studies van het hart. Daarnaast hebben we in dit proefschrift een aantal nieuwe 

genen geïdentificeerd en nieuwe zebravismodellen geïntroduceerd. Hopelijk zal deze nieuwe 

kennis en zullen deze nieuwe zebravismodellen in de toekomst bijdragen aan een beter begrip van 

hartritmestoornissen en een vermindering van het aantal slachtoffers door plotselinge hartdood.
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