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Cardiac arrhythmia, or irregular heart rhythm, is associated with morbidity and mortality and is described as one of
the most important future public health challenges. In the last few decades, the zebrafish has emerged as an
attractive model to reproduce in vivo human cardiac pathologies, including arrhythmias. As genetic tools in
zebrafish continue to bloom, this model will be crucial for functional genomics studies and to develop personalized

anti-arrhythmic therapies.
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| 1. Introduction

The healthy human heart beats with a coordinated rhythm. Abnormal heart rhythm, or arrhythmia, refers to
conditions in which heart rate or rhythmicity are altered or chaotic. The main inherited cardiac arrhythmias are long
QT syndrome (LQTS), short QT syndrome (SQTS), catecholaminergic polymorphic ventricular tachycardia (CPVT),
and Brugada syndrome (BrS). These diseases often result from mutations in genes encoding ion channels, leading
to altered ionic currents that influence the cardiac action potential M2, The most common cardiac arrhythmia is
atrial fibrillation (AF), which is frequently associated with aging, inflammation, or following surgery BI4IEI, A portion
of AF cases arise in the absence of predisposing factors, often with a younger age of onset and with significant
heritability €. Arrhythmias also occur in conjunction with inherited cardiomyopathies, including hypertrophic
cardiomyopathy (HCM), dilated cardiomyopathy (DCM), arrhythmogenic cardiomyopathy (ACM), and left
ventricular non-compaction cardiomyopathy (LVNC). These cardiomyopathies are frequently associated with

mutations in genes encoding sarcomeric, desmosomal, or cytoskeletal proteins.

While often considered purely electrical diseases, primary cardiac arrhythmias have variable aetiologies. Genome-
wide association studies (GWAS) and whole exome/genome sequencing techniques have implicated diverse
pathways in the pathogenesis of cardiac arrhythmia, including developmental d and structural genes BIEI10, pMany
of the loci identified in GWAS are found in non-coding regions, suggesting that these variants alter gene

expression which confers disease susceptibility L12],

The zebrafish has emerged as an exceptionally powerful model to study cardiac development and disease. From a

practical perspective, zebrafish are optically transparent and develop externally, enabling observation during
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development. They have high fecundity such that large numbers of embryos are easily acquired. Manipulating the
zebrafish genome is relatively straightforward, and numerous reporter lines allow for visualization of cellular and
organ-level morphology and physiology. Notably, the small size of zebrafish enables them to survive without a
functional cardiovascular system early in development, as their oxygen and nutritional needs can be met by
diffusion into the embryo. This advantage permits analyses of mutants with little to no cardiac function 13, whereas

orthologous mutants in other vertebrate models would not survive long enough to be observed.

| 2. Heart Development in Zebrafish

Heart development in zebrafish involves several distinct steps. This section will briefly outline the major processes

that occur during each stage of heart development (Figure 1).
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Figure 1. Stages of heart development in zebrafish from 10 to 96 h post-fertilization (hpf). (A) Atrial and ventricular
cardiac progenitors are located in the anterior lateral plate mesoderm by ~15 hpf. (B) The cardiac disc is visible by
22 hpf as cardiac progenitors surround endocardial cells at the midline. (C) At 24 hpf, the linear heart tube forms
and jogs to the left in preparation for heart looping. (D) At 36 hpf, the heart tube undergoes rightward looping. The
AV canal (orange) begins to develop between the cardiac chambers. (E) At 48 hpf, the cardiac chambers begin to
balloon and expand outwards. The bulbus arteriosus (dark blue) and AV canal (orange) continue to develop and
mature. (F) From 72 to 96 hpf, the cardiac chambers expand and align beside each other. (G) A cross-section of a
96 hpf heart showing the trabeculae, the finger-like muscular projections on the inner wall of the ventricle, and

endocardial leaflets (orange) of the AV canal. (A-D) dorsal views; (E-G) ventral views.

| 3. The Zebrafish Conduction System

The CCS is composed of pacemaker cells in the SAN, the atrioventricular node (AVN), and the fast ventricular
conduction system. Although the zebrafish heart is formed by only a single atrium and single ventricle, similarities
between its CCS with the human CCS supports the use of zebrafish as a model to study CCS development and

function/dysfunction. Pacemaker cells have been identified in the sinus venosus and atrium junction 24, and slow-
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conducting AVC cardiomyocytes in the AVN region have been mapped in zebrafish 1. While the mammalian His-
Purkinje system is absent in zebrafish, the ventricular trabecular myocardium has been postulated to serve as a

functional equivalent (18],

The molecular profiles of conducting tissues are highly conserved in zebrafish. Tomo-seq, a technique to spatially
resolve genome-wide transcriptomics data, was used to profile the 2 days post-fertilization (dpf) zebrafish heart.
These data identified a sub-compartment that highly expresses pacemaker development genes,
including isl1 and shox2 1. Recent transcriptome profiling of the sinoatrial ring 28 and AVC cells 2 from the
developing zebrafish heart confirms conserved gene expression signatures found in the mammalian SAN and AVN,
respectively. Many of the core mammalian SAN/AVN genes are expressed in the developing zebrafish,
including tbx18, hcn4, bmp4, cacnalab in the sinoatrial ring 18, and an abundance of genes encoding connexins,

T-type Ca?* channel (cacnalg), and the pacemaker hyperpolarization channel (hcn4) in the AVN 12,

Cardiac physiology in zebrafish aligns closely with mammalian models. The average resting heart rate of humans
is 60—90 beats per minute (bpm), while the average heart rate of zebrafish is 120-180 bpm 9. This characteristic
is a considerable advantage over the widely used rodent models like mouse, which have average heart rates of
300-600 bpm. Adult zebrafish basal electrocardiogram (ECG) characteristics are similar to humans, with a distinct
P wave, QRS complex, and T-wave 2122 As in humans and large animal models, zebrafish have chamber-
specific differences in action potential (AP) shape and duration (for examples, please see [211231241125]) |n atrial and
ventricular cardiomyocytes of zebrafish, the resting membrane potential and AP amplitude are comparable with
those observed in humans. Like humans, a clear plateau phase is established in ventricular APs, although a fast
phase-1 repolarization is not present. Due to the elevated heart rate in zebrafish, the AP duration in the atrial and

ventricular cardiomyocytes is shortened when compared to humans 23,

| 4. Zebrafish Models of Cardiac Arrhythmia

Cardiac arrhythmias have multifactorial aetiologies. Several zebrafish models with cardiac rhythm phenotypes have
been reported (Table 1). Notably, these models provide unigue insight toward disease initiation and mechanisms of

pathogenesis.
Table 1. Zebrafish models of cardiac arrhythmia.

Model/ Clinical Human

Gene Allele Cardiac Defect Arrhythmia  Ortholog Ref.
3:1 ratio of atrial contraction to [26]
atplala.l hiphop (tx218) ventricular contraction, LQTS ATP1A1 27]
bradycardia, and AV-block.
island beat (m379, Silent ventricle, uncoordinated [L3)
cacnalc m458, m231) contraction of the atrium. AF CACNAIC [28]
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Model/ . Clinical Human
Gene Allele Cardiac Defect Arrhythmia  Ortholog Ref.
cmicl s977 Br:r?l);iaredéaétilm Csoarllrggcmtsrr; ; AF MYL4 -
myl4 bw24 ge s 30
disorganization.
cx43 . Bradycardia, AV-block, and [31]
(gialb) Morpholino fibrillation. AF GIAL
o Peristaltic contraction with no 22l
foxn4 slipjig s644) AV delay. FOXN4 [33]
gja3/cx46 dococ (s215, s226) Uncoord_lnate.d (_:onductlon a nd CX46 34
contraction within the ventricle.
hen4 Morpholino TG R L 2 SSS HCN4 (351
cardiac pauses.

. 2 dpf: bradycardia due to 4]
Isgu(gigx sa0029 impaired SA node function. SSS ISL1 [36]
3—4 dpf: sinus block.

2:1 ratio of atrial to ventricular
kcnh6a contraction, bradycardia, reduced KCNH6 [26]
(zerg) breakdance (tb218) cardiac output, and AV-block due LQTS (hERG) 7]
to impairment of Ik, channel.
kenhéa Intermltter_ﬂ atrial flbr.|llat|on and KCNH6 -

reggae acceleration of cardiomyocyte SQTS
(zerg) L (hERG)
repolarization.
kenmalb Morpholino Decreased cc_)ntractlon of hgart AF KCNMA1 [39]
chambers, sinus bradycardia.
Cardiomyopathy. Thin, dilated
atrium, small ventricle with
mcu la2446 restricted blood flow, swollen SSS MCU 91
mitochondria. Heart rate
variability.
nkx2.5 V176, vud13 el CHD NKx2-5
increased heart rate.
Embryonic: arrhythmia,
sarcomere disorganization,
. increased ROS. [42]
pitxze ups6 Adult: extended P-wave and PR- AF PITXZ
interval, fibrosis, sarcomere
disorganization.
pin hu1l0742 Adult: structural remodeling, ACM PLN
[44]

immune cell infiltration,
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Model/
Gene

scnba

slc8ala
(ncx1)

tbx5a

tef2

tmem161b

ttn.2

Allele

human
variant

tremblor (tc318d,
te381b, m116,
m139, m158, m276,
m736)

heartstrings (m21)

hobgoblin (s634)

grime (uq4ks)

sfc9

mobitz (s466)
elektra (s587)

daredevil (s275,
s563)

bullseye (s885)

kingpin (s886)

Cardiac Defect

contractile defects, AP alternans,
altered Ca®" handling

Bradycardia, sinus pauses, AV-
block.

Fibrillation from onset of
contraction (more prominent in
the atrium than the ventricle).

Absent circulation.

Slight bradycardia evident during

initial heart tube stage. Heart fails

to loop, contractility declines, and
pericardial edema develops.

AV block at 48 hpf,
silent ventricle at 96 hpf.

Bradycardia, skipped ventricular
beats, increased heart rate
variability
Atrial fibrosis, compromised
sarcomere assembly in atrium
and ventricle, lengthened PR
interval.

AV block, sinus pause at 120 hpf.
AV block.

AV block, silent ventricle at 120
hpf.

No heartbeat at 24 hpf,
AV block at 36—48 hpf.

Atrial and ventricular fibrillation

Clinical

LQTS

Holt—Oram
syndrome

LQTS

AF

Human

Arrhythmia Ortholog

SCN5A

SLC8A1
(NCX1)

TBX5

TCF2

TMEM161B

TTN
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for understanding the genetic and molecular mechanisms underlying cardiac arrhythmia.
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