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8.1  Overview

Congenital heart defects (CHDs) are among the 
most common human birth defects. However, the 
etiology of a large proportion of CHDs remains 
undefined. Studies identifying the molecular and 
cellular mechanisms that underlie cardiac devel-
opment have been critical to elucidating the ori-
gin of CHDs. Building upon this knowledge to 
understand the pathogenesis of CHDs requires 
examining how genetic or environmental stress 
changes normal cardiac development. Due to 
strong molecular conservation to humans and 
unique technical advantages, studies using 
zebrafish have elucidated both fundamental prin-
ciples of cardiac development and have been 
used to create cardiac disease models. In this 
chapter we examine the unique toolset available 
to zebrafish researchers and how those tools are 
used to interrogate the genetic and environmental 
contributions to CHDs.

“If life is a continuous struggle against the inexo-
rable march of entropy, then the heartbeat is at the 
core of that conflict. By purveying energy to our 

cells, it counteracts our tendency toward dissipa-
tion and disarray.”
Sandeep Jauhar—Heart: A History [1]

8.2  Introduction

During heart development an intricate choreogra-
phy of changes in cellular shape and cellular 
identity results in the formation of an architecture 
which rhythmically beats ~100,000 times a day. 
Perhaps unsurprising due to the heart’s complex-
ity, congenital heart defects (CHDs) are relatively 
common occurring in ~1–3% of live births and 
~10% of stillbirths [2, 3]. Identifying the molecu-
lar etiology of CHDs can help clinicians assess 
the risk of inheritance, provide accurate progno-
ses of disease progression, and ultimately facili-
tate the design of effective therapeutic strategies 
[4, 5]. Animal models, particularly zebrafish, 
have emerged as valuable tools in which to eluci-
date the etiology of CHDs. The accessibility of 
zebrafish embryos to both genetic manipulation 
and live imaging—facilitated by external fertil-
ization, translucent embryos, and a robust com-
munity of resources—has allowed zebrafish 
researchers to identify molecular and cellular 
principles underlying cardiac development and 
disease. Since zebrafish display a strong molecu-
lar conservation to humans [6–8], these princi-
ples are likely applicable to studies of human 
health and disease. In this chapter we describe 
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the unique tools available to zebrafish researchers 
and highlight how those tools are being used to 
elucidate the molecular and cellular underpin-
nings of congenital heart defects. Since both 
genetic and environmental factors have been 
shown to cause CHDs [9] and a combination of 
environmental influences with genetic suscepti-
bilities may account for a large proportion of 
CHDs [10], we have chosen as examples zebraf-
ish studies that investigate both genetic causes of 
CHDs as well as studies that focus on the role of 
environmental perturbations on heart develop-
ment. Due to space constraints, we were unable 
to review all zebrafish disease models of CHDs 
and we apologize in advance to our colleagues 
whose valuable work has been omitted. Readers 
interested in further reviews of these topics are 
directed to [11–18].

8.2.1  Zebrafish: A Model Organism 
for the Study of Heart 
Development

8.2.1.1  Anatomy and Physiology
Zebrafish possess an anatomy and physiology 
that is similar to mammals allowing findings 
from experiments in zebrafish to be easily 
adapted for translational research. In zebrafish 
blood enters the heart through the sinus venosus 
into the atrial chamber; it then passes through the 
atrioventricular valve into the ventricular cham-
ber where it is expelled through the bulbus arte-
riosus to the body (Fig.  8.1g). Sequential 
contractions within the heart in both zebrafish 
and humans are regulated by ion channels within 
cardiomyocytes as well as specialized pacemaker 
cells located in the sinus venosus which coordinate 

Fig. 8.1 Stages of cardiac development in zebrafish. (a) 
Schematic of a zebrafish embryo prior to gastrulation. 
Animal pole view is shown. Myocardial progenitors are 
located in bilateral marginal domains. Atrial (pink) and 
ventricular (purple) myocardial progenitors are located in 
distinct but overlapping domains. (b–d) Schematic of 
myocardial precursors in bilateral positions in the anterior 
lateral plate mesoderm (ALPM) at 12 hours post- fertilization 
(hpf). Dorsal view is shown. Ventricular precursors are found 
in slightly medial positions compared to atrial precursors (b). 
From these bilateral positions, myocardial precursors move 
toward the midline and merge into a single cardiac ring at 

20 hpf (c). Myocardial cells then undergo rearrangements to 
form a primitive heart tube (d). (e–f) Schematic of the zebraf-
ish heart at 48 hpf (e) and 72 hpf (f). Ventral view is shown. 
Cellular shape changes and the addition of late-differentiat-
ing cardiomyocytes (orange) results in morphologically dis-
tinct ventricular and atrial chambers as well as the outflow 
tract (orange). (g) Schematic of a 5-day post-fertilization 
(dpf) heart. A frontal section is shown. Trabeculating ven-
tricular cardiomyocytes are shown (purple), along with the 
atrioventricular valves (green), atrial myocardium (pink), 
outflow tract/bulbus arteriosus, and inflow tract/sinus 
venosus (orange). (Adapted from [61, 72, 334])
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and initiate contractions [19–21]. These special-
ized cells are regulated by innervating sympa-
thetic and parasympathetic neurons that help the 
heart respond to changes in demand by up- or 
downregulating pacemaker activity [22].

The structural organization of cardiac tissue is 
also fundamentally similar between zebrafish and 
mammalian hearts. Cardiac chambers are com-
posed of an inner endocardial lining, through 
which blood flows. This lining is surrounded by 
muscular myocardial tissue, which contracts to 
pump blood to the rest of the body. Myocardial 
tissue is perfused by a coronary artery system, 
which brings oxygenated blood to the heart. 
And the entire heart is covered by the epicar-
dium, an outer protective layer [23, 24].

However, the cardiovascular system in zebraf-
ish differs from humans in several distinct ways. 
Zebrafish lack a pulmonary system (gills are 
located immediately downstream of blood com-
ing out of the ventricle) [25] with separate car-
diac chambers pumping blood to and from the 
lungs. Furthermore, the ability of adult zebrafish 
cardiomyocytes to proliferate in response to 
long-term increases in oxygen demand [26] dif-
fers from humans and rodents where a large 
majority of postnatal cardiomyocytes undergo 
endoreplication, become binuclear, and cease 
proliferating [27, 28]. Additionally, unlike adult 
human and rodent hearts, adult zebrafish hearts 
can regenerate after injury [29, 30]. Several labo-
ratories are focused on understanding and trans-
lating the principles of zebrafish cardiac 
regeneration to human hearts; reviews of these 
studies can be found here [31–35].

8.2.1.2  Cardiac Development
The molecular and cellular processes underlying 
the development of the heart, particularly during 
the early embryonic stages of cardiac develop-
ment, are also remarkably well conserved 
between zebrafish and mammals [36]. In zebraf-
ish, cardiac progenitors have been mapped to the 
first four rows of blastomeres adjacent to the mar-
gin just prior to gastrulation (beginning at 6 hours 
post-fertilization, hpf). These are some of the first 
cells to undergo an epithelial-to-mesoderm tran-
sition (EMT) and gastrulate [37, 38]. Further 

studies have identified a spatial separation within 
this region between cells fated to become atrial 
and ventricular cardiomyocytes [39] (Fig. 8.1a). 
In mice cardiac progenitors are also one of the 
first mesodermal cell types to gastrulate [40, 41]. 
After gastrulation, cardiac precursors in zebrafish 
are found in bilateral locations within the anterior 
lateral plate mesoderm (ALPM) (Fig.  8.1b). At 
16 hpf, cardiac cells move medially from these 
bilateral positions to the midline where they 
merge together to form a single cardiac ring [42–
46] (Fig. 8.1c). This cardiac ring then undergoes 
cell rearrangements to become a bilayered primi-
tive heart tube consisting of an inner endocardial 
layer that is surrounded by an outer myocardial 
layer [47] (Fig.  8.1d). In chicken and mouse 
embryos, the bilateral cardiac crescent undergoes 
similar medial movements and cell rearrange-
ments to create a primitive heart tube [48–50].

After the primitive heart tube is formed, fur-
ther remodeling occurs through cellular shape 
changes which create leftward looping and result 
in a kidney-shaped ventricular chamber and a 
cylindrical atrial chamber at 48 hpf in zebrafish 
(Fig. 8.1e). Leftward looping is driven by molec-
ular signals that coordinate left-right asymmetry 
throughout the body. These signals originate 
from the coordinated rotation of motile cilia in 
Kupffer’s vesicle, which is analogous in structure 
to the node which performs a similar function in 
mouse and chicken embryos [51, 52]. The forma-
tion and shape of the cardiac chambers emerge 
through cell shape changes [20, 53, 54] and the 
addition of late differentiating cardiomyocytes to 
the poles of the ventricular and atrial chambers 
(Fig.  8.1f). Late-differentiating cardiomyocytes 
contribute both to chamber formation and to the 
formation of the outflow and inflow tracts which 
ultimately become the bulbous arteriosus and the 
sinus venous, respectively [55–57]. These late- 
differentiating cardiomyocytes are analogous to 
second heart field cells in mouse and chicken 
which are critical for the formation of cardiac 
chambers in these organisms as well [58–60]. 
As the heart matures, it supports the growth of 
the embryo by increasing its muscle mass. This 
increase in the muscle occurs through the prolif-
eration and invagination of myocardial cells into 
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the lumen of the ventricle at 72 hpf, a process 
common to all vertebrates called trabeculation 
[61–64] (Fig. 8.1f, g).

Valves, which are essential in all vertebrates 
for unidirectional blood flow, form at the atrio-
ventricular canal (AVC) and at the ventricular- 
bulbus arteriosus boundary in zebrafish [23]. 
Valve formation at the AVC starts at 36 hpf with 
the convergence of endocardial cells from the 
ventricular and atrial portions of the heart toward 
the AVC boundary. These cells constrict their api-
cal surfaces to create a thickened area at the AVC 
boundary [16] and undergo endothelial-to- 
mesenchymal transitioning behaviors such as 
downregulating cell adhesions, extending protru-
sions, and asymmetrically moving into the extra-
cellular matrix to form endocardial cushions 
[65–69]. Endocardial cushions continue to be 
remodeled and sculpted even during larval devel-
opment forming mature valve leaflets by adult-
hood in zebrafish [70]. Valve formation occurs 
similarly in mouse and chicken embryos, where 
endothelial- to-mesenchymal transitioning behav-
iors have been shown to be instrumental in endo-
cardial cushion formation [71].

The similarity between mammalian and 
zebrafish cardiac development is also reflected at 
the molecular level, where >90% of human car-
diac genes are conserved in zebrafish [6]. These 
similarities along with the technical advantages 
of zebrafish (described below) make it a good 
model organism in which to elucidate the molec-
ular mechanisms of cardiac development and 
model congenital heart defects. For further infor-
mation regarding the molecular components 
underlying the aspects of zebrafish heart develop-
ment described above, readers are directed to the 
following reviews [16, 18, 72–81].

8.2.2  Zebrafish Techniques

Zebrafish embryos have several technical advan-
tages for elucidating molecular mechanisms during 
cardiac development including external develop-
ment, small size, high fecundity, translucent 
embryos, and a large community of researchers. 
The external fertilization and development of 

zebrafish embryos increase the accessibility of 
live-imaging techniques as well as embryonic 
manipulations such as injections and transplanta-
tions. Additionally, because they develop exter-
nally, zebrafish embryos can obtain much of their 
oxygen from passive diffusion until ~5 days post- 
fertilization (dpf), allowing investigators to observe 
cardiovascular defects and disease pathologies 
[82]. Comparatively, mouse embryos rely heavily 
on their cardiovascular system for oxygen due to 
their in utero development. Thus, cardiovascular 
defects in mouse embryos quickly lead to poor 
overall embryonic health and reabsorption [83]. 
The smaller size and high fecundity rate (100–300 
embryos per mating pair on a weekly basis) of 
zebrafish also facilitates high- throughput experi-
mental techniques such as genetic and small mole-
cule screens, as well as the analysis of multiple 
mutant combinations. A smaller size, however, can 
be a disadvantage for biochemical techniques such 
as protein purification where a large amount of 
material is advantageous. Finally, a large commu-
nity of zebrafish investigators who create and share 
transgenic and mutant resources has propelled the 
model organism regardless of the area of study into 
the forefront of scientific and biomedical research. 
Many of these community resources can be found 
at http://zfin.org, http://www.zebrafish.org, http://
ezrc.kit.edu, http://en.zfish.cn, http://zf-health.org, 
and http://shigen.nig.ac.jp/zebra/index_en.html. 
These intrinsic advantages have facilitated the 
application of a myriad of genetic and cell biologi-
cal techniques (see Tables 8.1 and 8.2) to questions 
of cardiac development and disease.

8.2.2.1  Forward Genetics: Genetic 
Techniques for the Unbiased 
Identification of Genes 
Important for Cardiac 
Development

A phenotype-based genetic screen is an unbiased 
way to identify genes important for a specific bio-
logical process such as cardiac development. This 
approach involves random mutagenesis, isolating 
mutations based on their phenotype and then 
mapping and identifying the genomic location of 
those mutations [84]. Instead of identifying a gene 
of interest and then asking what the phenotype 
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Table 8.1 Zebrafish genetic techniques used to identify genes and their functions

Approaches Purpose Techniques Mechanism of action
Forward 
genetics

Discover genes 
involved in a 
biological process of 
interest

ENU Generates point mutations at random sites in the 
genome

Retrovirus/
gene-breaking 
transposon

Disrupts gene function by random integration into the 
genome

Enhancer trap Random integration of a reporter gene fused to a 
minimal promoter identifies tissue-specific enhancers

Protein trap Random integration of a reporter gene fused to a 
splice-acceptor and splice donor site identifies the 
subcellular localization of proteins

Chemical library Incubation of zebrafish embryos with small molecules 
during development in a high throughput fashion 
identifies chemicals that disrupt a targeted biological 
system

Reverse 
genetics

Identify the function 
of a specific gene

Morpholino Impairment of gene function by complementary 
binding and blocking mRNA processing and/or 
translation

CRISPR/Cas9; 
TALEN

Disruption of the reading frame of a specific gene 
resulting in its loss of function

Transgene/mRNA 
injection

Overexpression of a gene

Knock-in Replacement of a wild-type allele with a disease allele

ENU N-ethyl N-nitrosourea, CRISPR clustered regularly interspaced short palindromic repeats, TALEN transcription 
activator-like effector nucleases

Table 8.2 Examples of zebrafish assays used to examine cardiac development

Biological 
processes affected Properties examined Approach
Heart size Cell number • Initial assessment: mark nuclei with a transgenic reporter such 

as Tg(myl7: H2A-mcherry) and Tg(myl7:nlskikGr) to count 
myocardial cells
– Further analysis: perform cell proliferation, cell death, and 

cell-type specification assays
Cell shape/size • Initial assessment: mark the outline of a cell with a transgenic 

reporter such as Tg(myl7:mcherry- CAAX)
– Further analysis: examine myofibrillar formation, actin-

cytoskeleton, and cell polarity
Cardiac 
conduction and 
function

Calcium dynamics Use a genetically encoded calcium reporter (GCaMP) to visualize 
Ca2+ dynamics in vivo

Action potentials Record electrical impulses using a patch clamp
Shear stress Label endocardial membrane and individual blood cells with 

transgenic reporters and then combine with high-speed confocal 
imaging to visualize blood flow dynamics

Physiological and 
structural measurements

Visualization of systolic and diastolic properties of the heart by 
utilizing echocardiography in vivo or ex vivo

is if that gene is mutated (a reverse genetic 
approach), this approach identifies the phenotype 
first and then asks what gene (or other genomic 
component such as a microRNA) is mutated to 
cause that phenotype. Building on the success of 

forward genetic screens in Drosophila melano-
gaster to identify genes and networks important 
for segmentation and body plan polarity [85], this 
approach has been applied successfully in many 
model organisms, including zebrafish.
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Two large chemical-based mutagenesis 
screens performed in the 1990s established 
zebrafish as a model system capable of revealing 
the genetic basis of developmental and disease 
processes, including processes related to the car-
diovascular system [86, 87]. These original 
mutagenesis screens in zebrafish utilized N-ethyl 
N-nitrosourea (ENU) as a mutagen. ENU is an 
alkylating agent that creates point mutations at 
random sites in the genome [88]. This is the same 
mutagen used by mouse researchers to conduct 
forward genetic screens. Another approach for 
creating mutations is the use of retroviruses or 
gene-breaking transposons (GBT), which ran-
domly integrate into the genome disrupting 
nearby gene function [89–92]. Modifications to 
retroviral or transposon vectors including addi-
tion of splice-acceptor and splice-donor sites and 
reporter genes such as GFP allow these vectors to 
act as enhancer or protein traps when they inte-
grate into the genome. Enhancer traps allow 
investigators to unbiasedly identify genes that 
are expressed in a specific tissue, such as the 
heart [93–96], whereas protein traps allow inves-
tigators to visualize the subcellular localization 
of a protein into which the transposon has 
inserted [97].

Genetic screens in zebrafish generally involve a 
three-cross mating strategy for identifying reces-
sive mutations (Fig.  8.2). Initially, mutagenized 
founders are outcrossed to create stable F1s. (After 
animals are exposed to a mutagen, random muta-
tions are created in different cells, creating a 
mosaic animal. This includes the germline, where 
individual sperm cells can harbor different muta-
tions.) This initial outcross creates heterozygous 
animals in which all cells in a particular animal 
contain the same mutation(s). F1 animals are then 
outcrossed a second time to create multiple hetero-
zygous animals (F2). Intercrosses are then per-
formed between F2 siblings, and embryos from 
the F2 intercrosses are then examined for cardiac 
phenotypes [98, 99].

Once a mutant phenotype is discovered and 
propagated, the location of the mutation is then 
identified. Traditionally, this has been accom-
plished by using polymorphisms to map meiotic 
recombination events, thereby identifying a rela-

tively narrow genomic interval containing the 
mutation that can be sequenced. However, the 
advent of cheap and quick sequencing has facili-
tated mutation identification via whole-genome 
sequencing [100–102]. The use of retroviral or 
transposons for mutagenesis also facilitates 
identification of the mutated gene by inverse 
PCR [103].

These screens are generally performed in a 
similar manner to those performed in mouse (see 
Chap. 1 by Garcia-Garcia) with minor differ-
ences in mating and mapping strategies. For 
example, to map meiotic recombination events 
without inbred lines in zebrafish, polymorphisms 
between the mutated and nonmutated DNA 
strands have to be identified in each mating pair. 
However, since a single mating pair can be used 
to generate hundreds of embryos, this is not a 
major obstacle. And in both zebrafish and mouse, 
the advent of cheap whole-genome sequencing 
has greatly reduced the need for the mapping of 
meiotic recombinants. In one example of how 
this unbiased approach is being used in models of 
CHDs, Ding et al. employed a GBT-mutagenesis 
strategy to unbiasedly identify genetic modifiers 
of doxorubicin- or anemic-triggered cardiomy-
opathy [104], thereby interrogating the interac-
tion of environmental and genetic factors in heart 
disease.

More recently, forward genetic approaches in 
zebrafish have utilized the advantage of external 
fertilization to perform high-throughput screens 
of chemical libraries in order to identify small 
molecules that cause or modify cardiac pheno-
types [105, 106]. These screens can be easily 
conducted due to the external development of 
zebrafish embryos and their small size, which 
means only a small amount of chemical is 
required. Chemical screens also have the advan-
tage of being quick when compared to traditional 
mutagenesis screens because they do not require 
multiple generations before a cardiac phenotype 
can be assessed. Finally, these screens have the 
potential to identify small molecules that could 
be used in a translational or therapeutic setting. 
However, identification of the protein or proteins 
affected by a small molecule is not always 
straightforward [107, 108]. Using this approach, 
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Ni et al. identified Cardionogen1–3, small mole-
cules that when exposed to zebrafish embryos 
caused enlarged hearts by modifying the Wnt 
pathway [106]. Similarly, Saydmohammed et al. 

used a transgenic reporter of FGF signaling 
[Tg(dusp6:EGFP)] to identify small molecules 
that hyperactivate FGF signaling and increase the 
pool of cardiac progenitors [109].

Fig. 8.2 Crossing scheme for an ENU-induced genetic 
screen for recessive mutants in zebrafish. (1) Male adult 
zebrafish are exposed to N-ethyl N-nitrosourea (ENU) to 
generate random germline point mutations (indicated by 
different dark colored boxes), creating a mosaic animal. 
(2) These mutagenized animals are then outcrossed to 
wild-type females to produce individual F1 heterozygous 
animals. All cells within an animal produced from this 
cross will have the same genotype (shown as light color 
shading throughout the animal). (3) Individual F1 hetero-
zygotes are outcrossed to wild-type animals to produce 
more animals with the mutagenized genotype as the F1. 

This cross results in 50% heterozygous animals (+/∗) 
(indicated by light purple shading) and 50% homozygous 
wild-type animals (+/+) (indicated by no shading). (4) F2 
siblings are then intercrossed to generate F3 embryos 
which can be analyzed for mutant phenotypes. If two F2 
heterozygous animals are intercrossed, 25% of the result-
ing embryos (F3) will be homozygous for the mutation 
(indicated by dark purple) and may show a phenotype in a 
specific assay, such as heart development. Since F2 sib-
lings contain both heterozygous and homozygous wild- 
type animals which are indistinguishable, there is a 25% 
chance that two heterozygous embryos will mate together 
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8.2.2.2  Reverse Genetics: Genetic 
Techniques for Identifying 
the Function of a Specific Gene

Zebrafish embryos are also amenable to reverse 
genetic approaches in which specific genes are tar-
geted for mutation. The ability to target a specific 
gene is particularly useful when human studies 
identify genes possibly involved in congenital heart 
defects. In these studies, the role of research in a 
model organism like zebrafish would be to exam-
ine phenotypes resulting from mutations in that 
gene to confirm its role in cardiac development and 
to investigate the mechanism by which that gene 
facilitates cardiac development [110, 111].

Traditionally, morpholinos—antisense oligos 
that bind to and block mRNA function—have 
been used in zebrafish to inhibit a specific gene 
[112]. Morpholinos are chemically modified 
ribonucleotide oligos that are designed to be 
complementary to endogenous RNAs. These 
chemical modifications make the morpholino 
more stable by replacing the ribose ring charac-
teristic of RNA oligos with a morpholine ring, 
leading to an uncharged phosphorodiamidate 
linkage rather than anionic phosphodiester link-
age between nucleotides. By binding to endoge-
nous RNAs, morpholinos sterically inhibit the 
ability of the targeted RNA to be translated or 
processed, leading to impaired gene function 
[113]. Although morpholinos bind specifically to 
the targeted RNA, they are also known to have 
nonspecific effects, including the triggering of 
the p53 and immune pathways [114, 115]. 
Additionally, recent direct comparisons of phe-
notypes generated by loss-of-function frameshift 
mutations or morpholino-mediated knockdown 
of the same gene have found that these pheno-
types are not always similar. These differing phe-
notypes have further enhanced concerns 
regarding nonspecific morpholino effects [116, 
117]. Due to these concerns, the zebrafish com-
munity has adopted a series of experimental 
guidelines, to ensure the specificity of a 
morpholino- mediated phenotype [118, 119]. 
These guidelines suggest that morphants should 
phenocopy genetic mutants, unless genetic 
compensation is thought to occur in the mutants. 

A morpholino injected into an embryo homozy-
gous for a null mutation or an allele lacking the 
morpholino- binding site should not display the 
morphant phenotype.

Fortunately, creating null mutations in zebraf-
ish using CRISPR/Cas9 (clustered regularly inter-
spaced short palindromic repeats) or TALEN 
(transcription activator-like effector nucleases) 
technologies is becoming routine, cheap, and 
accessible, allowing for a rigorous analysis of 
gene functionality [120–125]. These techniques 
target nucleases, Cas9  in the case of CRISPR/
Cas9, or FokI in the case of TALENs, to specific 
DNA sequences where these nucleases make a 
double-strand break. This double-strand break is 
then repaired, usually by the nonhomologous end-
joining (NHEJ) pathway which often inserts or 
deletes nucleotides, causing a mutation known as 
an indel. These indels may disrupt the reading 
frame of a gene (if they are not in multiples of 3) 
and thus can lead to a null mutation. The specific-
ity of these technologies is very high because both 
CRISPR/Cas9 and TALEN require complemen-
tary nucleotide matches in order to recruit the 
nucleases to DNA. One difficulty encountered by 
zebrafish researchers is that small differences 
(polymorphisms) between the reference genome 
and zebrafish in a laboratory colony due to the 
lack of inbred lines can interfere with the target-
ing of nucleases. Thus, the targeted region is often 
sequenced prior to the design of CRISPR or 
TALEN strategies. Further information about the 
implementation of these technologies in zebrafish 
can be found in these references [120–125].

Although the analysis of null alleles, such  
as those generated by CRISPR/Cas9-mediated 
gene mutation, is important for the clear and 
unambiguous identification of gene function, 
disease alleles in human patients are not neces-
sarily null alleles. To rigorously analyze the 
pathogenic mechanisms caused by a disease 
allele, the wild- type allele needs to be replaced 
with the disease allele (knock-in) [126, 127]. 
This strategy is preferable to the overexpression 
of a disease allele via transgene or mRNA injec-
tion. Overexpression experiments, despite inject-
ing a wild-type allele as a control, differ from 
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knock-in experiments due to non-endogenous 
levels of gene expression as well as the existence 
of a dynamic mixture of wild-type and disease 
alleles. Several strategies have been designed to 
knock in exogenous DNA into a specific locus in 
zebrafish [128–131]. As these strategies become 
more routine, investigators will be able to pre-
cisely determine the specific dysfunction caused 
by a disease allele.

8.2.2.3  Assays to Investigate Cardiac 
Development

Multiple assays have been developed to elucidate 
the role of a specific gene or toxicant in cardiac 
development [72, 132] (see Table 8.2). Due to the 
anatomical location of the heart and the translucent 
quality of zebrafish embryos, many properties of 
the heart including size, shape, and physiology 
(rate of beating and rhythmicity) of the heart can 
initially be visualized by simple brightfield micros-
copy. Unfortunately, one of the easiest phenotypes 
to observe via brightfield microscopy, pericardial 
edema (the inflation of the space between the heart 
and the pericardial membrane due to increased 
fluid) is often not particularly diagnostic because a 
large number of cardiac and non-cardiac defects 
cause this phenotype. For example, along with 
defects in cardiac development, defects in the kid-
ney and other organs that help to regulate extracel-
lular fluid and blood pressure can also lead to 
pericardial edema [133–136]. It is also not easy to 
use pericardial edema to distinguish different car-
diac mutations since defects in many of the pro-
cesses of cardiac development including cardiac 
morphogenesis, cardiac specification, or cardio-
myocyte function can cause similar looking peri-
cardial edemas [79].

However, the ease of creating transgenic ani-
mals has allowed zebrafish cardiac researchers to 
develop sophisticated assays that examine differ-
ent aspects of cardiac development. For example, 
there are multiple ways in which the size of the 
heart can be affected, including changes in the 
number of cardiac cells or changes in the size of 
cardiac cells. Cardiac cell number can be quanti-
fied using transgenes which mark nuclei, such as 
the Tg(myl7:H2A-mcherry) transgene in which 
the fluorescent protein mcherry is attached to his-

tone2A (H2A) and expressed in the myocardium 
via the myosin light chain 7 (myl7) promoter 
(Fig.  8.3a, b). Another transgene used to count 
myocardial cells is the Tg(myl7:nlsKikGr) trans-
gene, in which a nuclear localization signal (nls) 
is attached to the photoconvertible protein 
Kikume green-red [43, 137]. These transgenes 
allow researchers to count myocardial cells at 
different developmental stages in  vivo. After 
determining a change in cell number, further 
analysis can include assays that examine prolif-
eration, cell death, and changes in the specifica-
tion myocardial populations [72]. To measure 
changes in cell size and shape, transgenes such as 
Tg(myl7:mkate-caax), which mark the outlines 
of cells by using the prenylation motif CAAX to 
localize mcherry to the membrane, can be 
used  [138] (Fig.  8.3c, d). Then further analysis 
can be conducted into the biology underlying 
changes in cell size and shape such as examining 
defects in myofibrillar formation or changes in 
the actin cytoskeleton [138, 139].

Sophisticated assays have also been developed 
to interrogate defects in cardiac physiology. For 
example, calcium dynamics in cardiomyocytes, 
which is critical for triggering synchronous con-
tractions, can be visualized in vivo by utilizing the 
genetically encoded calcium indicator, GCaMP 
[140, 141]. Furthermore, standard electrophysiol-
ogy recordings of action potentials, which regu-
lates calcium flux, can be performed on dissected 
whole zebrafish hearts or individual zebrafish car-
diomyocytes [142–144]. Blood flow through the 
heart and the shear stress it creates can also be 
measured by combining high-speed confocal 
imaging with transgenic reporters that label the 
endocardial membrane and individual blood cells 
[66, 145, 146]. Finally in adult zebrafish, when the 
heart is no longer visible via brightfield micros-
copy, high-frequency echocardiography and 
ex  vivo techniques have been used by multiple 
laboratories to visualize the systolic and diastolic 
properties of cardiac function [147–151]. In the 
following sections, we highlight several case stud-
ies in which zebrafish researchers have combined 
these cell biology assays with the genetic tech-
niques outlined above to elucidate the mechanisms 
causing CHD.
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8.3  Genetic Models 
of Cardiomyopathies 
in Zebrafish

The central function of the heart, as a pump that 
circulates blood throughout the body, is accom-
plished through the synchronized contractions of 
myocardial cells. Cardiomyopathies are a het-
erogeneous spectrum of cardiac disorders that 
originate in the disruption of this central func-
tion [5]. These defects encompass two major 
processes: defects in the contraction of myocar-
dial cells (most often these defects are located in 
myofibril function) and defects in the synchroni-
zation of those contractions (cardiac conduction 
defects). Examples of these cardiomyopathies 
include hypertrophic cardiomyopathy (HCM) 
which is characterized by increases in the thick-
ness of left ventricular myocardial wall, dilated 
cardiomyopathy (DCM) which is characterized 
by the enlargement of the left ventricular cavity 
and the thinning of the myocardial wall, and 
restrictive cardiomyopathy (RCM) which is 
characterized by a myocardium that is rigid and 
less elastic preventing sufficient filling of the 
ventricle [152–155]. Defects in myocardial con-

tractions are often due to aberrations in the 
structure and function of the myofibril, a subcel-
lular organelle responsible for the contraction of 
myocardial cells. This is in contrast to cardiac 
conduction defects, such as long-QT syndrome 
or atrial fibrillation, which are often due to aber-
rations in the electrophysiological properties of 
the myocardial cell, which are responsible for 
determining the timing of a myocardial cell con-
tractions. Defects in these properties result in 
arrhythmias that can compromise the ability of 
the heart to pump enough blood to the rest of the 
body. Studies elucidating how individual genes 
function in the mechanical and electrophysiolog-
ical properties of a myocardial cell and how spe-
cific mutations disrupt these processes are 
essential for developing therapeutic and preven-
tive interventions.

8.3.1  Cardiomyopathies 
and Sarcomeres

Underlying myocardial contractions are myofi-
brils, subcellular organelles that consist of repeat-
ing arrays of parallel actin and myosin filaments 
known as sarcomeres (Fig.  8.4). Myocardial 

Fig. 8.3 Transgenes used for analyzing cardiac pheno-
types in zebrafish. (a, b) Transgenes which label the 
nucleus can be used to assess whether changes in the size 
of the heart are due to changes in cardiac cell number. 
Myocardial nuclei (purple) are labeled with the 
Tg(myl7:H2A-mcherry)sd12 transgene [43]. Endocardial 
nuclei (green) are labeled with the Tg(fli1a:negfp)y7 trans-
gene [335]. A lateral view from a three-dimensional 
reconstruction of confocal slices (a) or a single confocal 

slice (b) at 60 hpf is shown. (c, d) Transgenes which label 
the plasma membrane can be used to assess whether 
changes in the size of the heart are due to changes in cel-
lular size or shape. The Tg(myl7:mkate-caax) transgene 
[138] was used to label the plasma membrane of myocar-
dial cells in panels (c) and (d). A lateral view of the same 
heart is shown at 40 hpf (c) and 45 hpf (d). Numbers indi-
cate specific individual cells. (Panels (a, b) are from [43]. 
Panels (c, d) are from [138])
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contractions are ultimately a result of myosin 
filaments binding to and pulling on the actin fila-
ments within sarcomeres. This process is regulated 
by calcium ion (Ca2+)-dependent changes in the 
tropomyosin-troponin complex (composed of 
troponin I, troponin C, troponin T2, and tropo-
myosin) attached to the actin filament. Binding of 
Ca2+ to troponin C within the troponin complex 
facilitates the movement of tropomyosin on the 

actin filament, allowing myosin to bind the actin 
filament and ultimately shorten the sarcomere 
[156] (Fig. 8.4).

Within individual sarcomeres the ends of the 
actin and myosin filaments are anchored in an 
electron dense region known as the Z-disc. 
Z-discs contain a myriad of proteins which help 
to connect individual sarcomeres together. 
Central to this function is α-Actinin, which cross-

Fig. 8.4 Schematic of sarcomere dynamics. (Left cell and 
left inset) Without the influx of Ca2+ ions into the cyto-
plasm, tropomyosin prevents myosin from binding to actin 
(left inset), and sarcomeres do not shorten (left cell). (Right 
cell and right inset) However, when Ca2+ ions are in the 
cytoplasm, Ca2+ binding to Troponin C (light purple, inset) 
facilitates movement of tropomyosin (yellow) on the actin 
filament (blue) to expose binding sites for myosin (red). 
Myosin binding (right inset), contracting, and releasing of 
actin pull the actin filament, causing sarcomere shortening 
(right cell) and ultimately myocardial contraction. Actin 

and myosin filaments within the sarcomere are anchored at 
the Z-discs (green). Titin, a large protein, extends from the 
Z-disc to the middle of the sarcomere where it binds to 
another titin molecule stretching from the other side of the 
sarcomere. Titin binds to and anchors the myosin filament 
at the Z-disc. Light blue, actin filament; red, myosin fila-
ment; dark purple, titin; green, Z-disc; yellow, tropomyo-
sin; gray, adherens junction; purple, gap junction; orange, 
desmosomes. Altogether adherens junctions, gap junctions, 
and desmosomes make up the intercalated disc. (Figure 
based on [156, 336–338])
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links actin filaments between different sarco-
meres [157]. Also attached to the Z-discs is titin 
(TTN), which forms a large homodimeric protein 
complex that stretches across the sarcomere bind-
ing myosin filaments and anchoring them to the 
Z-discs [158] (Fig. 8.4).

In zebrafish, sarcomere assembly in myocar-
dial cells begins during the early stages of cardiac 
development [159]. Starting at ~15 hpf, before 
the fusion of the bilateral cardiac domains, myo-
sin clusters form small disorganized rodlet struc-
tures, while actin filaments are found along the 
cortical ring. At 18 hpf, Z-discs as visualized by 
α-Actinin appear as irregular spaced dots between 
actin and myosin filaments. This stage resembles 
the premyofibril stage identified in skeletal myo-
cytes. By 24 hpf, immediately after primitive 
heart tube formation, contractions begin indicat-
ing functional sarcomeres. Immunofluorescence 
studies at 24 hpf reveal nascent myofibrils, in 
which thin and thick filaments integrate with reg-
ularly spaced Z-discs. After their initial assem-
bly, these nascent sarcomeres continue to mature, 
increasing in thickness and in distance between 
Z-discs [138, 139, 159–161].

Intriguingly, mutations in an array of different 
genes within the sarcomere can lead to similar pri-
mary cardiomyopathies [162, 163]. For example, 
mutations in MYH7, MYBPC3, TNNT2, TPM1, 
and ACTC1 have all been linked to HCM [163]. 
Conversely, disruptions in a specific gene can be 
associated with multiple different types of primary 
cardiomyopathies. For example, loss-of- function 
mutations in titin are associated with hypertrophic 
and dilated cardiomyopathy [158, 164]. Thus, stud-
ies in animal models such as zebrafish examining 
myofibril assembly and modeling cardiomyopa-
thies are essential for elucidating the molecular 
mechanisms underlying myofibril assembly and 
the pathogenesis of cardiomyopathies.

8.3.2  Investigations into the Role 
of Titin (ttn) in Cardiac 
Development and Disease

Both forward and reverse genetic techniques have 
played significant roles in zebrafish studies investi-
gating the role of ttn in cardiac development and in 

CHD. Mutations in ttn, called pickwick (pik), were 
identified in the original zebrafish ENU-induced 
mutagenesis screens [86]. Indeed, because of its 
large size, ttn is often mutated in forward genetic 
screens [165]. These alleles were mapped to ttn.2, 
one of the two duplicated ttn genes in zebrafish. 
Particularly useful for cardiac studies, the m171 pik 
allele was identified as a missense mutation in the 
N2B domain of ttn.2, a domain only found in the 
cardiac specific ttn isoform. These loss-of-function 
alleles allowed researchers to investigate the role of 
ttn in cardiac development and function. Pik mutant 
hearts were found to have reduced systolic pres-
sure, thin cardiomyocyte morphologies, and sig-
nificantly disrupted sarcomere structures [166], 
phenotypes similar to those found in human 
patients with DCM [162]. Indeed, concomitantly 
with the discovery of pik alleles in zebrafish, muta-
tions in human TTN were linked to the autosomal 
dominant inheritance of a familial form of DCM 
[167], revealing that pik mutations could function 
as a model of CHD.

Studies of pik mutations have revealed a role 
for ttn not only in sarcomere function but also in 
sarcomere assembly. These studies [168–171] 
complemented by studies in mice [172] and 
in vitro studies [173–175] reveal that titin is impor-
tant during sarcomere assembly for the transition 
from the premyofibril to the myofibril state, as 
well as for myosin filament formation and for 
maintaining sarcomere integrity [169, 171, 176].

More recently, zebrafish investigators have 
used gene editing techniques to investigate an 
intriguing observation regarding TTN mutations; 
truncating TTN mutations (TTNtv) in patients 
with DCM are more likely to be found at the end 
of the gene (C-terminus) than at the beginning of 
the gene (N-terminal) [164, 177]. This is a coun-
terintuitive result since TTNtv mutations at the 
N-terminus should result in less of the protein 
being translated and a more severe phenotype 
than TTNtv mutations at the C-terminus 
(Fig. 8.5). One hypothesis for this observation is 
that a C-terminal truncation could create a 
dominant- negative mutation [164, 178]. Using 
CRISPR/Cas9 and TALEN gene editing tech-
niques, Zou et al. and Shih et al. modeled human 
C-terminal and N-terminal TTNtv mutations in 
zebrafish to analyze the mechanisms underlying 
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these differential severities [171, 179]. These 
mutations recapitulated the human data, with 
C-terminal truncations being more severe than 
N-terminal truncations. Additionally, they cre-
ated a double N- and C-terminal truncation, with 
two mutations. These double mutants phenocopy 
the severe C-terminal truncating mutants, sug-
gesting C-terminal TTNtvs are unlikely to act in 
a dominant-negative manner (Fig. 8.5). Another 
possible explanation is that an internal start site, 
identified by Zou et  al., could create a shorter 
C-terminal peptide (named Cronos) that may par-
tially rescue the N-terminal TTNtv alleles [179]. 
Alternatively, studies by Schafer et al. have found 
that TTNtv pathogenicity is also highly corre-
lated to exon usage [180] and thus C-terminal 
TTNtv may simply be in exons with higher usage. 
This hypothesis is further supported by truncat-
ing mutations made by Shih et  al. into highly 

used exons [171], which display severe loss-of- 
function phenotypes. Future experiments, testing 
the functional nature of the Cronos peptide and 
the functionality of titin in cells with N-terminal 
TTNv alleles, will help to further elucidate the 
origin of these differing ttn-related pathologies.

8.3.3  Genetic Analysis of Troponin T 
and Other Sarcomere Proteins

Forward genetics has also played a large role in 
revealing other proteins within the sarcomere that 
are essential for cardiac development. A loss-of- 
function mutation in troponin T type 2a (tnnt2a), 
which facilitates attachment of the troponin com-
plex to tropomyosin in order to regulate myosin- 
actin binding [181], was originally identified in a 
forward genetic screen. This mutation called 

Fig. 8.5 Gene editing in zebrafish helps to identify mecha-
nisms underlying phenotypic heterogeneity in titin truncat-
ing variants (TTNtv). (a, b) Schematic of the human and 
zebrafish titin proteins and corresponding truncating vari-
ants (TTNtv). Regions of titin are designated by their spa-
tial location in the sarcomere. For example, the Z region 
(green) overlaps with the Z-disc, while the I (blue), A (pur-
ple), and M (red) regions overlap with the I-band, A-band, 
and M-band regions of the sarcomere, respectively. Arrows 
(red) indicate location of the truncation. Parentheses indi-
cate phenotypic severity. (a) TTNtv mutations in patients 
with DCM are more often found in the C-terminus of the 

protein [164]. Representative examples shown: A TTNtv 
(Arg32836X) from a patient with end-stage DCM [177] 
and a TTNTv (Gln3243X) from a healthy individual [180]. 
(b) To explore whether a C-terminal mutation results in a 
dominant-negative mutation, Shih et al. and Zou et al. used 
gene editing to recapitulate C-terminal and N-terminal 
human mutations and to make a double mutant containing 
both N- and C-terminal mutations. These double mutants 
have the same phenotype as C-terminal mutations suggest-
ing that a dominant-negative mutation is not made in 
C-terminal mutations [171, 179]. Only mutations from 
[171] are shown
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silent heart (sih) leads to a non-contractile heart 
with pericardial edema and sparse sarcomeres. 
These sarcomeres have unorganized thick fila-
ments located near the cell membrane [182]. As 
this phenotype suggests, tnnt2a is required to 
continue sarcomere assembly beyond the initial 
stages of assembly but is not required for the 
early stages of thin filament assembly or for 
Z-disc formation [160, 183]. Several myosin fila-
ment proteins were also identified in forward 
genetic screens, including half-hearted (haf), a 
nonsense mutation in myosin heavy chain 7 
(myh7), and weak-atrium (weam58), a nonsense 
mutation in myosin heavy chain 6 (myh6) [53, 
86, 184]. Similar to chicken embryos, myh7 and 
myh6 in zebrafish are expressed specifically in 
the ventricular and atrial chambers, respectively 
[185, 186]. The ventricle in myh7haf/haf mutants 
and the atrium in myh6m58/m58 mutants fail to con-
tract, becoming enlarged and distended [53, 184]. 
Without myosin heavy chain, myofibrils are com-
pletely absent in the ventricle of myh7haf/haf 
mutants and in the atrium of myh6m58/m58 mutants, 
revealing a role for myosin in both the function 
and assembly of these structures.

Human mutations in TNNT2, MYH7, and 
MYH6 have also been associated with familial 
forms of HCM and DCM [187–190]. Mutations 
in MYH7 and TNNT2 are estimated to account 
for 40–50% and 15% of familial cases of HCM, 
respectively [191, 192], while mutations in 
MYH6 have been associated with a spectrum of 
CHDs, including HCM and DCM [193]. The 
connection of these genes to HCM and DCM 
suggests that corresponding zebrafish mutants 
could be analyzed to understand HCM and DCM 
pathogenesis. For example, analysis of the zebraf-
ish myh6hu423 missense mutation revealed that 
heterozygous mutants (myh6hu423/+) are viable but 
display reduced atrial contractility, resulting in 
post-embryonic cardiac maturation and morpho-
genesis defects. Adult heterozygous myh6hu423/+ 
mutants have cardiac chambers that are more 
similar to a wild-type juvenile heart than an adult 
heart suggesting a failure of cardiac maturation 
[23]. Further analysis comparing these defects to 
the reactivation of fetal gene programs identified 

in heart disease may help elucidate the mecha-
nisms underlying CHD [194, 195].

Homozygous tnnt2asih/sih, myh7haf/haf, and 
myh6m58/m58 mutants in zebrafish also provide a 
unique set of genetic tools with which to interro-
gate the role of contraction and hemodynamics in 
cardiac development. For example, by analyzing 
ventricular development in homozygous myh6m58/

m58 mutants (in which atrial contraction is elimi-
nated), ventricular maturation and morphogene-
sis were found to depend on proper blood flow 
[184]. Studies using these mutants have also 
found a role for proper hemodynamics in other 
aspects of cardiac development including in 
atrioventricular valve development, the process 
of ventricular trabeculation, the development of 
the epicardium, and the development of the car-
diac conduction system [20, 196–200].

The complementary nature of human and 
zebrafish studies can also be seen in the identifica-
tion of nexilin as a new component of the sarco-
mere involved in the pathogenesis of DCM. 
Studies in zebrafish found nexilin, a previously 
unknown gene, to be localized to the Z-disc and 
responsible for sarcomere maintenance and integ-
rity [201]. Having identified a novel gene impor-
tant for sarcomere biology, eight individuals from 
a cohort of patients with idiopathic DCM were 
found to carry heterozygous variants (a three-base 
pair deletion and two missense alleles) of nexilin. 
These variants were not found in wild-type SNP 
databases or in a large number of healthy control 
individuals suggesting that mutations in nexilin 
likely underlie DCM pathogenesis in some human 
patients. Zebrafish embryos were further used to 
analyze the role of these disease variants. mRNA 
injection of these variants had a dominant-negative 
effect on nexilin and Z-disc function compared to 
injection of wild-type nexilin, revealing a possible 
mechanism through which these heterozygous 
nexilin mutations could cause DCM. Similar stud-
ies using knockdown or overexpression experi-
ments in zebrafish to verify the function of genes 
identified in human patients have revealed a role 
for tcap, actc1a, myo18b, ilk, lama4, fbln7, 
tmem87b, and mybpc3 in congenital heart defects 
[202–208].
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8.4  Models of Cardiac 
Conduction Defects

The rhythmicity of myocardial contraction is 
coordinated by electrical impulses that propagate 
through the heart regulating the flow of Ca2+ into 
and out of the myocardial cytoplasm. These elec-
trical impulses originate in a specialized set of 
pacemaker cells located in the venous pole of the 
heart near the atrium [20–22, 78, 209]. In many 
respects zebrafish have a remarkably similar car-
diac conduction system to humans. Rhythmic 
contractions in zebrafish occur approximately 
two beats every second [19, 210], which is simi-
lar to the human resting heart rate of 1–1.7 beats 
per second [211]. Comparatively, the resting 
heart rate of mice is approximately 5–14 beats 
per second [212, 213]. The action potential 
phases underlying cardiac conduction in zebraf-
ish are also similar to those in humans. Ventricular 
action potentials initiate from a resting phase to 
quickly depolarize (fast depolarization), followed 
by a slow repolarizing plateau and a final fast 
repolarization phase (Fig. 8.6). Although an early 
repolarization phase is not as distinct in zebrafish 
ventricular cardiomyocytes as it is in humans, the 
long plateau during repolarization creates an 
action potential of similar morphology and dura-
tion to that of humans [19, 214]. This is particu-
larly important because changes in repolarization 

underlie a number of congenital conduction 
defects, such as long-QT syndrome [215].

Each action potential phase is regulated by a 
combination of different sodium, potassium, 
and calcium channels that regulate the flow of 
ions into and out of the cell. Mutations in these 
channels can result in abnormal action poten-
tials and ultimately cardiac arrhythmias. 
Ventricular arrhythmias are one of the strongest 
contributors and indicators of sudden cardiac 
death [216], while atrial arrhythmias contribute 
to palpitations and stroke [217]. The similarities 
to human cardiac conduction make zebrafish a 
particularly suitable model organism in which 
to elucidate the mechanisms underlying cardiac 
conduction defects; several examples are high-
lighted below.

8.4.1  Defects in Repolarization: 
Changes in the QT Interval

On an electrocardiogram (ECG) of the heart, the 
duration of the ventricular action potential can be 
approximated by the QT interval, which is calcu-
lated by measuring the time from the beginning 
of the QRS complex to the end of the T wave 
(Fig. 8.6c). Both increases and decreases in ven-
tricular action potential duration are associated 
with increased risk of arrhythmias in human 

Fig. 8.6 Cardiac conduction is similar in zebrafish and 
humans. (a, b) Graph of a typical ventricular action poten-
tial in zebrafish (a) and humans (b). (c) Graph of a typical 
adult zebrafish heart electrocardiogram. The P, Q, R, S, 

and T waves are labeled. The Q, R, and S waves together 
comprise the QRS complex. The QT interval (between the 
red lines) is measured from the start of the Q peak to the 
end of the T wave. (Graphs are adapted from [148, 339])
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patients, which can cause the heart to be hemody-
namically compromised. In order to use human 
QT intervals to identify aberrations in ventricular 
action potential duration, it must be normalized 
for heart rate and gender (QTc) which affect the 
QT interval in predictable patterns [218].

Increases in the QTc interval (>480 ms), a criti-
cal component of long-QT syndrome (LQTS) 
[219], are often due to an abnormally long slow 
repolarization phase. This phase is dependent on a 
balance between inward depolarizing channels 
and outward repolarizing channels [220]. One of 
the genes responsible for the repolarizing current 
in myocardial cells is KCNH2, which is often 
found to be mutated in long-QT syndrome patients 
[221]. kcnh6a, a member of the kcnh2 voltage-
gated potassium channel family [222], plays a cru-
cial role in the repolarization of cardiac cells in 
zebrafish [87, 140]. In homozygous loss-of-func-
tion kcnh6as213 mutants, which originated in a for-
ward genetic screen [223], the ventricle fails to 
contract, yet the atrium exhibits normal morphol-
ogy and contraction. Further cellular analysis of 
these mutant hearts using electrophysiological 
techniques reveals a compromised ventricular 
repolarization phase leading to a failure of conduc-
tion between the atrial and ventricular chambers 
(AV block) and loss of ventricular action poten-
tials. Atrial action potentials are also abnormal, 
displaying increased duration and a longer refrac-
tory period. These studies reveal the physiological 
result of loss of kcnh6a, illuminating the differen-
tial effects loss of kcnh6a has on ventricular and 
atrial chambers.

Cellular studies in zebrafish have also begun 
to examine how Kcnh2 channels are regulated. 
These studies show that intracellular trafficking to 
the membrane is likely a critical point of regula-
tion [224]. One possible partner regulating Kcnh2 
trafficking is the RING finger protein Rnf207. 
Variants in RNF207 were originally identified in a 
genome-wide association study (GWAS) of pro-
longed QT intervals. Furthermore, morpholino-
mediated knockdown of rnf207 in zebrafish results 
in action potential prolongation, occasional 2:1 AV 
block (two atrial contractions for every ventricular 
contraction), and slower than normal heartbeat 
(bradycardia). And Rnf207 modulates membrane 

localization of Kcnh2 as well as colocalizes and 
binds to Kcnh2 in vitro [225].

Complete loss of kcnh6a is helpful in the 
unambiguous identification of kcnh6a function; 
however, this phenotype is more severe than the 
QT prolongation that patients with KCNH2 muta-
tions experience [140, 222]. Hypomorphic alleles 
such as kcnh6abre which displays a 2:1 AV block 
[222] are likely to more accurately mirror disease 
pathogenesis. Similarly, heterozygous kcnh6as213 
zebrafish mutants may display phenotypes simi-
lar to the symptoms of patients with long-QT 
syndrome, which in humans is most often inher-
ited in a dominant manner [226]. Heterozygous 
kcnh6a zebrafish mutant hearts display QT pro-
longation at the cellular level but are morphologi-
cally indistinguishable when compared to 
wild-type embryos [140]. Furthermore, heterozy-
gous kcnh6a mutant zebrafish embryos also dis-
play an increased sensitivity to drugs that block 
inward-rectifying K+ ion currents (Ikr), such as 
terfenadine. At concentrations that do not affect 
wild-type animals, heterozygous kcnh6as213 
mutants incubated in terfenadine develop a 2:1 
AV block [140]. These phenotypes match theo-
ries of human CHD progression, in which a sec-
ondary environmental insult on top of a hidden 
genetic defect can cause heart disease.

Mutations in human KCNH2 have also been 
found to cause short-QT syndrome as well as 
long-QT syndrome. Short-QT syndrome (SQTS), 
associated with a QTc ≤340 ms, although rarer 
than long-QT syndrome, can also result in atrial 
fibrillations, syncope, and cardiac arrest [227, 
228]. These mutations are gain-of-function muta-
tions in kcnh2 family members that can lead to 
premature channel activation and ultimately a 
short-QT interval [229]. In zebrafish, short-QT 
syndrome is modeled using the kcnh6areggae muta-
tion. The reggae mutation causes a gain-of- 
function L499P change within the voltage-sensing 
fourth transmembrane domain of the Kcnh6a 
potassium channel [230]. Analysis of the homol-
ogous L532P mutation in the human KCNH2 
channel reveals that the shorter QT interval is a 
result of a lower voltage-gated activation thresh-
old, faster channel activation, and faster recovery 
from inactivation [231]. Gross phenotypic analysis 
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of homozygous kcnh6areggae mutants found no 
coordinated myocardial contractions at 24 hpf. 
kcnh6areggae mutants display a complete sinoatrial 
block, in which pacemaker cells at the base of the 
atrium contract, but the electrical pulse is not 
propagated to the atrial myocardium, interspersed 
with occasional uncoordinated atrial electrical 
and contractile activity (atrial fibrillation) and 
occasional normal sinus rhythm [230].

Several groups have taken advantage of the 
zebrafish models of long- and short-QT syn-
dromes to examine the roles of different kcnh6a 
variants on cardiac conduction and to perform 
high-throughput screens for drugs and genes that 
can rescue QT prolongation. For example, Jou 
et  al. found that by overexpressing different 
kcnh6a variants using mRNA injection in 
kcnh6a-morphant embryos, they could determine 
the benign or pathogenic nature of that variant 
[232], verifying zebrafish as a useful model of 
CHDs. To discover genes that are important for 
regulating repolarization, Milan et al. conducted 
a forward genetic screen using GBT to identify 
insertional mutants that either confer resistance 
to or sensitize the embryo to drug (dofetilide)-
induced arrhythmia. Dofetilide slows cardiac 
repolarization [233]. They found that mutations 
in gins3 conferred resistance to dofetilide- 
induced 2:1 AV block. Intriguingly, GINS3 is also 
contained within a GWAS-associated genome 
region that correlates with QT interval variation 
[234]. Gins3 is a subunit of a heterotetrametric 
complex important for initiation of DNA replica-
tion [235, 236]. Future studies into the mecha-
nism of how gins3 modifies dofetilide-induced 
arrhythmia are likely to further our understand-
ing of how repolarization is regulated. Similarly, 
Peal et  al. used the hypomorphic kcnh6abre 
mutants to screen for small molecule compounds 
that could rescue the 2:1 AV block. They identi-
fied flurandrenolide, which likely works through 
glucocorticoid signaling, and 2-methoxy-N-(4- 
methylphenyl) benzamide (2-MMB) as com-
pounds that can suppress the long-QT phenotype 
in kcnh6abre mutant embryos [237].

KCNQ1, another voltage-gated potassium 
channel involved in cardiac repolarization, medi-
ates the late repolarizing Iks-current and is also 

mutated in a large percentage of long-QT syn-
drome patients [238–240]. Recent zebrafish stud-
ies into the regulation of kcnq1 expression have 
begun elucidating how the balance in expression 
between inward depolarizing and outward repo-
larizing channels is maintained. In this study, 
Benz et  al. sought to examine the function of 
mir19b, a microRNA whose expression is 
reduced in diseased myocardium, such as 
DCM. Using reverse genetic techniques includ-
ing morpholino-mediated knockdown and 
CRISPR/Cas9 mutation, Benz et  al. found that 
loss of mir19b function results in bradycardia, 
AV block, and action potential prolongation. 
Further examination identified scn1b, scn4b, 
kcne4, and kcnj2, which are genes involved in 
sodium and potassium voltage-gated channels, as 
direct targets of mir19b. In particular, Kcne4 is a 
modulatory β-subunit of Kcnq1, which is upregu-
lated in mir19b-morphants suggesting mir19b 
may help to maintain the proper expression of 
voltage-gated channels. Benz et al. speculate that 
loss of mir19b expression in DCM could 
 contribute to the conduction problems observed 
in these patients [241].

8.4.2  Zebrafish Studies of Calcium 
Ion Flux in the Heart

Electrical impulses in the heart coordinate cal-
cium ion (Ca2+) fluctuations which in turn regu-
late myocardial contraction and relaxation. 
Extracellular Ca2+ enters the cell upon depolar-
ization through L-type calcium channels, which 
triggers more Ca2+ release from the sarcoplasmic 
reticulum via ryanodine receptors to initiate sar-
comere contraction. Relaxation is then accom-
plished through extrusion of Ca2+ back into the 
sarcoplasmic reticulum via SERCA2 or into the 
intercellular space via the Na+-Ca2+ exchanger 
NCX1 [156, 242]. Genetic analysis in zebrafish 
of both Ca2+ influx (cacna1c) and Ca2+ extrusion 
(ncx1) has revealed interconnections between 
cardiac conduction and myofibril assembly.

For example, ventricular cardiomyocytes in 
cacna1c mutants called island beat (isl) are 
smaller than in wild-type embryos and do not 
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beat, while atrial cardiomyocytes exhibit unsyn-
chronized fibrillations; however the heart tube 
and myofibrils form normally [243]. These stud-
ies reveal that proper Ca2+ influx is not required 
for sarcomere assembly. However, the smaller 
ventricle in cacna1cisl mutants reveals a role for 
Ca2+ in developmental cardiac hypertrophy. 
Indeed, further studies using small molecules that 
inhibit or activate L-type calcium channels con-
firm that increasing Ca2+ influx can enhance ven-
tricular hypertrophy and that calcineurin may 
mediate this effect [244].

In ncx1 mutants called tremblor (tre), in which 
extrusion of Ca2+ is compromised resulting in 
Ca2+ overload, ventricular contraction is also 
absent and atrial rhythm is disrupted, phenotypes 
similar to those found in cacna1cisl mutants. 
However, ventricular sarcomeres are sparse, ran-
domly oriented, and rarely connected in ncx1tre 
mutants at 48 hpf [245, 246], suggesting that Ca2+ 
overload can affect sarcomere assembly. 
Comparisons between wild-type hearts and 
ncx1 mutant hearts revealed that the E3 ligase 
murf1 is upregulated in ncx1tre mutants, suggest-
ing that ectopic murf1 may mediate ncx1tre 
mutant phenotypes. Transgenic overexpression 
and morpholino- mediated knockdown experi-
ments confirmed that murf1 mediates the Ca2+-
overload phenotype [247]. Patterning of the 
atrial- ventricular canal (AVC) is also disrupted in 
ncx1tre mutants. Genes normally expressed in a 
small medial location at the presumptive site of 
the AVC have broader expression domains in 
ncx1tre mutants, suggesting that Ca2+ overload 
also affects AVC patterning. Intriguingly, in a 
screen for small molecules that can rescue the 
ncx1tre mutant phenotype, Shimizu et  al. identi-
fied the small molecule efsevin, an agonist of 
voltage- dependent anion-selective channel 2 
(VDAC2) function. VDAC2 is a voltage-depen-
dent anion channel in the mitochondria [248]. 
Efsevin rescues the ncx1tre mutant phenotype by 
increasing mitochondrial outer membrane per-
meability to Ca2+ via VDAC2 and thus normaliz-
ing cytosolic Ca2+ oscillations and ventricular 
contractions [141]. Together, these studies reveal 
mechanistic and physiological roles for Ca2+ 
channels and transporters in cardiac excitation as 

well as in sarcomere assembly and cardiomyo-
cyte size. Indeed, along with cacna1c’s role in 
ventricular hypertrophy [244], cacna1c has also 
been shown to be important for establishing the 
electrical gradient within the ventricle, ensuring 
sequential contraction from the apex to base 
[249]. Developmental studies investigating the 
role of Ca2+ channels along the course of cardiac 
development in mouse [250] also reveal that indi-
vidual Ca2+ channels are likely to have differen-
tial roles in interconnecting Ca2+ signaling to 
myofibril assembly and integrity. Future studies, 
similar to those above, that combine the high-
throughput unbiased screening advantages of 
zebrafish with disease modeling are likely to elu-
cidate fundamental mechanisms of cardiac con-
duction, identify small molecules for therapeutic 
studies, and reveal the mechanisms by which dif-
ferent physiological and developmental systems 
in the heart are interlinked.

8.4.3  Myofibril Assembly 
and Cardiac Conduction 
Crosstalk

At the intersection of sarcomere function and 
cardiac conduction are intercalated discs 
(Fig. 8.4). Intercalated discs consist of desmo-
somes, which mechanically couple adjoining 
cardiomyocytes; gap junctions, which electro-
chemically couple adjoining cardiomyocytes; 
and fascia adherens junctions, where myofibrils 
attach to the cell membrane [211]. Mutations in 
genes involved in intercalated disc formation, 
particularly those important for desmosome 
function, have been found in arrhythmogenic car-
diomyopathies (ACM) [251]. The best-known 
subtype of ACM is arrhythmogenic right ventric-
ular cardiomyopathy (ARVC), which is charac-
terized by both conduction defects including 
ventricular arrhythmias and structural defects 
including fibrofatty replacement of the myocar-
dium [252]. The association between ACM and 
mutations in desmosome genes suggests that a 
failure in mechanical coupling of myocardial 
cells underlies the pathologic electrical and 
structural characteristics of ACM. For example, 
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plakoglobin, an adaptor protein important for 
intercalated disc formation, is mutated in Naxos 
disease, a systemic disease that includes ARVC 
[253]. Loss of plakoglobin leads to thin, sparse 
intercellular junctions that are weakly connected 
to intermediate filaments [254]. To elucidate the 
pathology underlying ACM, Asimaki et  al. cre-
ated a transgene to express a mutated version of 
the human plakoglobin (2057del2) gene found in 
patients with Naxos disease [253] in the zebrafish 
myocardium [255]. Larvae expressing the plako-
globin (2057del2) mutation in the myocardium 
initially display bradycardia and decreased stroke 
volume at 48 hpf. By 3 weeks post-fertilization, 
the electrophysiological properties of these 
mutant embryos are severely perturbed, with pro-
longed action potentials, higher resting mem-
brane potential, and decreased Ina-current. These 
aberrant conduction properties are followed by 
sarcomere disarray, cardiomegaly, and thinning 
of the atrial and ventricular walls and signifi-
cantly reduced survival by 4–6  weeks 
post-fertilization.

After creating a zebrafish model of ACM, 
Asimaki et al. utilized a forward genetic approach 
(see Table 8.1) to unbiasedly identify small mol-
ecules that could rescue the physiological and 
structural defects found when plackoglobin 
(2057del2) is overexpressed in the myocardium 
of zebrafish embryos. SB216763, a canonical 
Wnt activator, was found to normalize cardiac 
action potentials in these mutant embryos. 
Intriguingly, exposure to SB216763, even after 
embryos had developed heart defects, was able to 
remediate those phenotypes. Mechanistic studies 
revealed that SB216763 rescues abnormally low 
levels of SAP97, a protein important for traffick-
ing sodium and potassium channel components 
to the plasma membrane, thereby suggesting a 
possible function for plakoglobin mutations in 
ACM pathogenesis [255].

Connections between sarcomere function and 
cardiac conduction have also been examined in a 
zebrafish model of atrial fibrillation (AF), in 
which atrial myocardial cells contract asynchro-
nously [256]. AF is the most common type of 
cardiac arrhythmia and is highly associated 
with increased morbidity and mortality [217]. 

Based on familial pedigrees with AF, mutations 
in sodium or potassium channels were initially 
identified as underlying AF [256, 257]. However, 
multiple studies suggest that AF can also have a 
molecular etiology that is not directly related to 
the cardiac conduction system. For example, 
titin-truncating variants (TTNtv) and mutant 
nppa isoforms have been identified in AF patients 
[258, 259]. Recently, Orr et  al. discovered a 
familial pedigree with AF that is associated with 
a heterozygous mutation (E11K) in the atrial- 
specific myosin light chain (MYL4) gene. To cre-
ate a disease model of this mutation, Orr et  al. 
created a transgene that specifically expressed 
myl4(E17K) in the myocardium of zebrafish 
hearts. Expressing myl4(E17K) in the myocar-
dium leads to atrial enlargement and malformed 
sarcomeres—with absent Z-discs. These mutants 
also display electrical abnormalities that include 
irregular sinoatrial impulses, slow atrial conduc-
tion, and overall bradycardia, recapitulating 
aspects of AF [260]. Future studies examining 
how myosin mutants and malformed sarcomeres 
affect cardiac conduction will not only help to 
reveal the fundamental mechanisms by which 
these processes are interlinked but are also likely 
provide insight to the pathology of AF.

8.5  Zebrafish Studies 
of Environmental Toxicants 
and Their Possible 
Contributions to Heart 
Defects

Along with genetic changes, environmental 
stressors are also known contributors to congeni-
tal heart defects [261–263]. Environmental stress 
can be caused by the loss of essential external 
elements such as oxygen (hypoxia), or it can be 
caused by exposure to toxicants, pharmaceuti-
cals, or even alcohol and sugar [264–268]. Due to 
its external development as well as its small size, 
zebrafish are used by a wide array of investiga-
tors to examine the influence of environmental 
factors on cardiac development. For example, 
zebrafish are being used to investigate the mecha-
nisms of compensation to changes in oxygen 
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concentration [269]. Zebrafish embryos are also 
being used to identify chemotherapeutics that are 
cardiotoxic [270, 271] and to identify drugs that 
might suppress those cardiotoxic side effects 
[272]. Additionally, zebrafish have been used to 
identify compounds found in personal care prod-
ucts (e.g., alpha-bisabolol), flame retardants (e.g., 
triphenyl phosphate), cigarette smoke, and insec-
ticides (e.g. deltamethrin) that cause defects in 
cardiac development [273–276]. Here we briefly 
highlight a few studies (see Table 8.3) investigat-
ing the mechanisms by which toxicants can 
adversely affect zebrafish cardiac development.

8.5.1  Zebrafish Models of Fetal 
Alcohol Spectrum Disorders

Prenatal ethanol exposure was only clinically 
identified as a factor in causing birth defects in 
the late twentieth century [277]. Despite educa-
tional efforts, birth defects caused by alcohol 
exposure, referred to as fetal alcohol spectrum 
disorders (FASD), are estimated to be as high as 
1:100 births in the United States [278]. 
Contributing factors to the high incidence of 
FASD is the widespread societal consumption of 
ethanol and the large percentage of pregnancies 

Table 8.3 Environmental toxicants highlighted in this chapter

Name Chemical structure Cardiac phenotype Origin
Ethanol

OH
Pericardial edema Alcoholic 

beverages
[286, 340]

Reduced heart size
Reduced ventricular 
thickness
Abnormal heart looping
Cardia bifida

Tetrachlorodibenzo-
para- dioxin (TCDD)

O

O Cl

Cl

Cl

Cl

Pericardial edema By-product of 
incomplete 
combustion

[299, 341]
Bradycardia
Decrease in heart size
Defects in AV valve
Epicardial defects

Phenanthrene Pericardial edema Burning of fossil 
fuels, oil, wood, 
and organic 
matter

[342]
Tachycardia
Abnormal heart looping
Enlarged ventricle
Thin ventricular wall

Pyrene Pericardial edema Incomplete 
combustion of 
crude oil and coal

[321, 343]
Abnormal heart looping
Abnormal heart rate
Decreased stroke volume

Benzo-k-fluoranthene Pericardial edema Incomplete 
combustion found 
in gasoline 
exhaust, cigarette 
smoke, motor oil

[322]
Atrial chamber dilation
Bradycardia

Benzo-a-pyrene Pericardial edema Forest fires, 
volcanic 
eruptions, oil 
spills, automobile 
emissions

[331, 344, 
345]Bradycardia

Abnormal heart looping
Smaller ventricle and 
thinner atria
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which are unplanned (~50%) [279–282]. An 
array of developmental defects occur upon fetal 
alcohol exposure including defects in cranial- 
facial, neural, ocular, and cardiac development 
[283].

Studies in zebrafish have provided important 
insights into the mechanisms of ethanol teratoge-
nicity in the heart. Exposure of 0.6–0.9% ethanol 
(recent analysis has found that levels of ethanol 
in zebrafish tissues are ~33% of those in the sur-
rounding media [284, 285]) from 2–20 hpf causes 
pericardial edema, aberrant looping, reduced 
ventricular chamber size, a wider atrioventricular 
canal, and uneven ventricular wall thickness at 48 
hpf [286, 287]. Using transgenes to reveal the 
location of endocardial and myocardial cells, fur-
ther analysis revealed that endocardial and myo-
cardial movements during cardiac fusion (see 
Fig. 8.1c) are disrupted resulting in two separate 
cardiac domains, a phenotype known as cardia 
bifida. Further analysis of why ventricular size in 
ethanol-exposed zebrafish embryos is reduced 
(as revealed by counting myocardial nuclei; see 
Table 8.2) revealed decreases in the specification 
of both the second and first heart fields [288]. 
Intriguingly, many of these ethanol-induced 
developmental defects are partially or completely 
rescued by the addition of retinoic acid (RA) or 
folic acid [289]. Folic acid is a supplement taken 
by pregnant women to reduce birth defects, par-
ticularly neural tube defects [290]. Its role as an 
antagonist of ethanol toxicity suggests it may 
have other benefits as well. Future work deci-
phering the interactions between the folic and 
retinoic pathways and the pathways disrupted by 
ethanol will likely lead to a better understanding 
of the etiology of ethanol teratogenesis and may 
reveal potential therapeutic interventions.

8.5.2  2,3,7,8-Tetrachlorodibenzo- 
p- dioxin

Dioxins are lipophilic, persistent environmental 
contaminants that bioaccumulate due to their 
high chemical stability and absorption by fat tis-
sues [291]. Commonly found in the air and soil, 
dioxins are created as by-products of incomplete 

waste incineration and industrial processes such 
as smelting, chlorine bleaching and manufactur-
ing of herbicides [292]. One of the most toxic 
dioxins, 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD), is well known due to its presence as a 
by-product contaminant in the herbicide Agent 
Orange [293] and as a cause of blue sac syn-
drome in fish [294, 295]. Blue sac syndrome is 
found in wild fish that have been exposed to envi-
ronmental toxicants resulting in pericardial 
edema, hemorrhaging, craniofacial abnormali-
ties, and mortality during larval development 
[296]. TCDD is studied as a prototypic dioxin, 
used to understand the adverse outcome pathway 
of all dioxins. As one of the most potent dioxins, 
TCDD also acts as a reference for calculating the 
toxic equivalency factor (TEF) of other dioxins 
and quantitatively assessing the risk of dioxin 
mixtures discovered in the environment [297].

In zebrafish, embryonic exposure to TCDD 
(≤1 part per billion (ppb)) at ~6 hpf for 1 h results 
in large changes in cardiac morphology after 48 
hpf [298, 299]. (TCDD-exposed embryos are 
indistinguishable from DMSO-exposed siblings 
until 48 hpf.) Starting at 72 hpf, gross morpho-
logical cardiac defects include pericardial edema, 
blood regurgitation, altered looping, compact 
ventricles, and enlarged atria. At 96 hpf, ventricu-
lar contraction is compromised with complete 
cessation occurring by 120 hpf. Further analysis, 
using a transgene that labels myocardial nuclei, 
has found that a decrease in cardiomyocyte num-
ber likely accounts for the decrease in cardiac size 
[299]. Histological and gene-expression analysis 
also found that epicardial development is inhib-
ited in TCDD-exposed embryos [300]. 
Cardiotoxic effects of TCDD, however, are 
restricted to embryonic and larval development 
(<14 dpf). After 30 dpf TCDD exposure fails to 
induce gross morphological changes in the heart 
[301]. These studies indicate that the early embryo 
is exquisitely sensitive to TCDD exposure.

Molecular analysis of TCDD-mediated pheno-
types identified aberrant activation of the aryl 
hydrocarbon receptor (AHR) pathway as the likely 
cause of the adverse cardiac phenotypes. These 
findings are based on studies which found that inhi-
bition of ahr2 or aryl hydrocarbon receptor nuclear 
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translocator 1 (arnt1), by morpholino- mediated 
knockdown, dominant-negative constructs and 
mutants, ameliorates phenotypes caused by TCDD 
exposure [302–307]. ahr2 morphants alone do not 
display defects in early cardiac development, 
although Ahr mutant adult mice display cardiomy-
opathy [308]. Cyp1a expression, a target of the 
AHR pathway, is also increased in TCDD-exposed 
embryos [309–311], although cyp1a expression is 
not cardioprotective in TCDD-exposed embryos 
[312]. Additionally, expression of a constitutively 
active version of ahr2 in the myocardium recapitu-
lates phenotypic aspects of TCDD exposure includ-
ing pericardial edema, elongated heart morphology, 
and epicardial absence [313]. Mammalian and cell 
culture studies have also found that TCDD expo-
sure affects the size of the developing heart and the 
ability of cardiomyocytes to differentiate [314, 
315], paralleling many of the zebrafish findings.

How AHR pathway activation disrupts normal 
cardiac development is an area of active investiga-
tion. Recent studies suggest that changes in the 
regulation of the transcription factor sox9b and 
the long noncoding RNA (lncRNA) slincR may at 
least partially mediate the effects of TCDD expo-
sure. Sox9b, a transcription factor important for 
cranial-pharyngeal and cardiac development, is 
downregulated upon TCDD exposure [316]. 
Furthermore, expression of a dominant-negative 
form of sox9b in cardiomyocytes phenocopies 
many TCDD-mediated phenotypes, including 
decreased cardiomyocyte numbers and impaired 
epicardial development [317]. Conversely, slincR, 
which is intragenic to sox9b, is upregulated in an 
AHR-dependent manner when embryos are 
exposed to TCDD. And slincR is enriched at the 
5′UTR of sox9b [318, 319]. These studies thus 
suggest a model in which activation of the AHR 
pathway by TCDD triggers an increase in slincR 
expression and a subsequent decrease in sox9b 
causing myocardial and epicardial defects during 
development. Future experimentation into the 
mechanisms by which cardiac development is dis-
rupted by TCDD and how specific pathways are 
altered is likely to further elucidate the mecha-
nisms underlying TCDD toxicity. Additionally, 
these future studies will also likely lead to an 
understanding of the robust and vulnerable 
aspects of cardiac development.

8.5.3  Polycyclic Aromatic 
Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) origi-
nate largely from petroleum-based products and 
are ubiquitous contaminants in water environ-
ments, particularly those close to urban locations 
[320]. In these environments PAHs exist in com-
plex mixtures. Studies in zebrafish have been 
used to identify the role of individual PAHs 
within these mixtures. Zebrafish embryos 
exposed from 6 to 96 hpf to individual PAHs can 
display a wide array of cardiac defects, including 
bradycardia, arrhythmia, reduction of contractil-
ity, and edema. Three-ring PAHs such as diben-
zothiophene and phenanthrene cause reduced 
circulation, bradycardia, and 2:1 AV block. 
Cardiac chambers were also found to be dilated 
and had thinner walls in embryos exposed to 
three-ring PAHs, while exposure to pyrene, a 
four-ring PAH, caused less severe phenotypes 
including bradycardia at 80 hpf and anemia 
[321]. Five-ring PAHs have differential effects on 
zebrafish cardiac development, depending on the 
particular molecule. For example, zebrafish 
embryos exposed to benzo[k]fluoranthene (BkF) 
(40  μM) from 4 to 48 hpf display pericardial 
edema, atrial chamber dilation, and bradycardia. 
However, exposure to benzo[a]pyrene (BaP) 
(40 μM) during the same timeframe causes less 
severe pericardial edema, only occurring in ~40% 
of exposed embryos [322]. These five-ring PAHs 
also display differential AHR dependence and 
tissue induction of cyp1a [323]. BaP exposure 
induces cyp1a expression in vascular tissues 
including the endocardium. Cyp1a expression in 
response to BaP is ahr2 dependent. Studies of the 
role of cyp1a, a BaP-hydroxylase, in BaP toxicity 
have found that it is both cardioprotective and 
produces toxic by-products [323, 324]. This is in 
contrast to BkF exposure, which induces cyp1a 
expression strongly in the epidermis and very 
weakly in the endocardium. BkF exposure also 
induces pericardial edema in ahr2 morphants, 
even though cyp1a induction is reduced, reveal-
ing an ahr2-independent mechanism for BkF- 
mediated pericardial edema [322].

As a mixture, PAHs have synergistic effects 
on cardiac development [325]. Future studies 
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building on the study of individual PAHs to 
investigate the mechanisms underlying the syner-
gistic phenotypes of complex PAH mixtures on 
cardiac development are likely to provide insight 
into both adaptive and maladaptive responses to 
PAHs. In one study of complex PAH mixtures, 
bluefin tuna cardiomyocytes were exposed 
in  vitro to water samples from the Deepwater 
Horizon oil spill disaster. These samples caused 
increases in the QT interval and the duration of 
the ventricular action potential due to defects in 
membrane repolarization (see section 8.4). The 
Ica current was also decreased upon exposure 
[326]. Thus, PAHs affect both structural and 
functional aspects of cardiac development.

8.5.4  Endocrine Disruptors

Endocrine disruptors are a diverse class of toxi-
cants, which also show effects on cardiac devel-
opment. In one study of the role of estradiol, 
Romano et al. found that acute 17β-estradiol (E2) 
exposure results in increased heart rate due to the 
G-protein-coupled estrogen receptor (GPER) 
rather than the nuclear receptors (ERα or ERβ). 
Activation of GPER in E2-exposed embryos trig-
gers increases in thyroid hormone levels (triiodo-
thyronine, T3), which is a known regulator of 
heart rate [327]. Conversely, a decrease in E2 lev-
els leads to pericardial edema, bradycardia, and 
decreased heart size [328]. Similar phenotypes to 
decreased E2 levels are found in BaP-exposed 
embryos [329]. This corresponds with BaP’s 
known role inhibiting aromatase (cyp19), which 
converts androgens to estrogens [330]. Indeed, 
addition of E2 rescues BaP-induced pericardial 
edema [331]. Future investigations into the cross-
talk between E2 disruption and AHR-mediated 
induction in BaP-exposed embryos will likely 
reveal the pathogenic nature of BaP in cardiac 
development. By elucidating complex intertissue 
physiological effects of toxicant exposure, these 
studies reveal the power of using zebrafish as a 
model organism for toxicology studies as 
opposed to a simple cell culture system. 
Furthermore, due to the similar molecular path-
ways in zebrafish and human cardiac develop-
ment, continued toxicology studies using 

zebrafish are likely to reveal both mechanisms of 
how environmental contaminants affect fish pop-
ulations and how toxicant contamination can 
affect human development.

8.6  Conclusion

Zebrafish is a powerful model for investigations 
into the molecular principles underlying cardiac 
development. The studies highlighted in this 
chapter reveal how the intrinsic advantages of 
zebrafish as a model organism (similarity to 
human development, external fertilization, ease 
of genetic manipulation, and accessibility to high 
throughput approaches) have made zebrafish 
integral to studies of the etiology of congenital 
heart defects. Zebrafish models do have their 
limitations, for example, a lack of a pulmonary 
system. The relevance of zebrafish to modeling 
CHD thus relies on an experimental design that 
minimizes these limitations and maximizes its 
advantages. For example, recent advances in 
genome editing which facilitate knock-in 
approaches are now allowing for a comprehen-
sive examination of disease alleles in a physio-
logically relevant context.

One exciting avenue of future research in 
zebrafish will be investigations which consider 
the multifaceted nature of congenital heart 
defects. For example, significant crosstalk occurs 
between different cardiac systems such as 
between systems underlying myocardial contrac-
tion and conduction [260] or between hemody-
namics and gene expression [146]. Understanding 
the connections between these processes will be 
crucial to understanding disease progression. 
Additionally, the limited number of patients 
whose congenital heart defects can be explained 
by individual factors [2, 332] suggests that the 
etiology of the majority of CHDs may be multidi-
mensional. For example, while a single disease 
allele may not be enough to cause a change to 
heart development, the combination of multiple 
subphenotypic disease alleles may lead to CHDs 
[333]. Due to its high fecundity, zebrafish is an 
ideal model organism in which to examine multi-
allelic interactions. Finally, zebrafish is an excel-
lent model organism in which to examine the 
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interaction between genetic and environmental 
factors underlying CHDs. Similar to the multi-
genic hypothesis, the interaction of environmental 
and genetic variables may help to explain both the 
origin of CHDs and the variable outcomes of 
inherited forms of CHD. In the long term, the use 
of zebrafish to elucidate the molecular and cellular 
etiology of CHDs is likely to be invaluable to our 
understanding of cardiac development and disease 
pathogenesis and to preclinical drug discovery for 
therapeutic interventions and diagnostics.
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