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Abstract

The zebrafish has become an ideal vertebrate animal system for investigating cardiac development

due to its genetic tractability, external fertilization, early optical clarity and ability to survive

without a functional cardiovascular system during development. In particular, recent advances in

imaging techniques and the creation of zebrafish transgenics now permit the in vivo analysis of the

dynamic cellular events that transpire during cardiac morphogenesis. As a result, the combination

of these salient features provides detailed insight as to how specific genes may influence cardiac

development at the cellular level. In this review, we will highlight how the zebrafish has been

utilized to elucidate not only the underlying mechanisms of cardiac development and human

congenital heart diseases (CHDs), but also potential pathways that may modulate cardiac

regeneration. Thus, we have organized this review based on the major categories of CHDs –

structural heart, functional heart, and vascular/great vessel defects, and will conclude with how the

zebrafish may be further used to contribute to our understanding of specific human CHDs in the

future.
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INTRODUCTION

The development of the heart is a dynamic and complex process starting with the

specification of myocardial, endocardial, and vascular/endothelial precursors and

culminating in the morphogenesis of these differentiated cells/tissues into a functional

cardiac pumping organ. Because of the exquisite coordination of these events, the slightest
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cardiac developmental perturbation (genetic or environmental) can easily lead to

catastrophic heart defects and subsequent embryonic/fetal demise. Thus, congenital heart

diseases (CHDs), including both structural and functional cardiovascular defects, are

amongst the most common and most devastating birth defects in humans, occurring in about

5% of live births, and resulting in significant mortality and morbidity [1].

Identifying suitable vertebrate animal model systems that permit the detailed investigations

of cardiac development and the mechanisms underlying CHDs can be challenging.

However, the zebrafish is particularly well suited to studies of cardiovascular development

because, unlike mouse and chick embryos, they do not completely depend on a functional

cardiovascular system. The zebrafish’s small embryonic/larval size allows them to receive

sufficient oxygen by passive diffusion even when manifesting the most severe

cardiovascular defects [2]. Furthermore, zebrafish embryos develop rapidly and are

relatively easy to analyze because of their optical transparency and external fertilization [2].

In particular, these specific advantages offer the possibility of live in vivo imaging of the

cellular and physiologic processes during cardiac morphogenesis, and recent imaging

advances have been developed and utilized to study these dynamic events [3, 4].

Additionally, because of their large offspring numbers and rapid development, the zebrafish

is genetically amenable to forward genetic screens, which have led to the identification of a

wide range of cardiovascular mutant phenotypes including many that recapitulate known

CHDs [5–11]. Conversely, a number of tools, including morpholinos [12], TILLING [13],

TALEN [14], and zinc finger nucleases [15], have been created to perturb specific genes of

interest (reverse genetics) and subsequently used to model candidate CHD genes. Moreover,

the zebrafish is particularly sensitive to small molecule treatment and thus suitable to

chemical genetic studies and screens to identify additional cellular and molecular pathways,

which may regulate cardiovascular development [16]. Finally, zebrafish and mammalian

hearts exhibit fairly well conserved structures including atria, ventricles, cardiac valves and

a cardiac conduction system [8, 11, 17–20]. These features are remarkably useful in

discovering zebrafish cardiovascular mutants that provide insight into human cardiovascular

diseases. Thus, the combination of these advantages makes the zebrafish an attractive

vertebrate model organism to complement human and other mammalian studies of CHDs

and cardiac development.

STRUCTURAL HEART DEFECTS

A large proportion of CHDs are due to defects in specific structures of the heart, which can

lead to hemodynamic compromise and catastrophic clinical outcomes. In order to illuminate

the etiologies of these defects, better understanding of the cellular and molecular events of

cardiac development is required. To this end, we will review the contribution of zebrafish

heart studies to our overall knowledge of cardiac development.

Cardiac specification and differentiation

The heart is one of the first organs to develop in vertebrates. The cardiac progenitor cells

that give rise to the heart can be fate mapped as early as the blastula stage in zebrafish [19].

At five hours post-fertilization (hpf), these cell-labeling studies have revealed that two

cardiac progenitor populations (atrial and ventricular) exist in the lateral marginal zone on
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either side of the embryo and are restricted by retinoic acid signaling [21] (Figure 1A). More

specifically, the ventricular pool appears to reside more dorsally and closer to the margin

than the atrial pool. On the other hand, endocardial progenitor cells appear to be located

across the lateral margin without any specific spatial organization [22, 23]. By 6–9 somites,

cardiac progenitors are observed within the posterior half of the anterior lateral plate

mesoderm (ALPM) and are marked by the transcription factor genes, gata4 and hand2 [24].

As they differentiate into ventricular cardiomyocytes (ventricular myosin heavy chain/vmhc

expressing cells) medially at 12 somites and atrial cardiomyocytes (atrial myosin heavy

chain/amhc/myh6 expressing cells) laterally at 15 somites [25], these cardiac precursors

begin to express both the cardiac transcription factor gene nkx2.5 and the cardiac regulatory

myosin light chain gene myl7 [26] (Figure 1B, C). This cardiac field within the ALPM is

restricted anteriorly by cranial vascular and hematopoietic precursors [24] and posteriorly by

pectoral fin precursors [27]. In cloche mutants, the cardiac field is delimited anteriorly

resulting in the expansion of the cardiac field and larger hearts as well as the reduction of the

cranial vascular and hematopoietic precursors and subsequent loss of endothelial and blood

cells, respectively [24]. Conversely, overexpression of the endothelial/hematopoietic

transcription factor genes etsrp and scl in zebrafish embryos leads to the expansion of the

cranial vascular and hematopoietic precursors and a reduction of the cardiac progenitors.

Furthermore, retinoic acid signaling, which is required for pectoral fin precursor

specification, appears to limit the cardiac field posteriorly within the ALPM [27].

Morpholino knockdown of hoxb5b, a downstream target of retinoic acid signaling in the

pectoral fin, results in the expansion of atrial cardiac progenitors posteriorly into the

forelimb field without perturbing pectoral fin precursors.

A conserved network of cardiac transcription factors is required for cardiac specification and

differentiation in zebrafish and includes HAND, NKX2.5, T-BOX, and GATA cardiac

transcription factors as similarly observed in mammalian cardiac development. Recent

studies in the zebrafish reveal that Gata 4, 5, and 6 transcription factors may act in

combination to control cardiac specification. Furthermore, gata4 is expressed in not only the

cardiac progenitors residing early in the ALPM, but also interestingly in regenerating adult

cardiomyocytes [24, 28]. The zebrafish faust mutant, which harbors a mutation in gata5,

exhibits a reduction in cardiac progenitor cells, and gata5 overexpression can result in the

formation of ectopic cardiac progenitor cells [29]. Additionally, Gata5 transcriptional

activity appears to be regulated through interactions with the Gridlock/Hey2, Hairy-related

basic helix-loop-helix (bHLH), cardiac transcription factor, and gridlock/hey2

overexpression can lead to reduced cardiac progenitors [30]. Though loss of function of

Gata 4, 5, and 6 individually can lead to severe cardiac defects, cardiac progenitors can still

be generated albeit at reduced numbers. However, combinatorial reductions of these Gata

transcription factors reveal that Gata 5 and 6 may act redundantly to specify cardiac

progenitors as depletion of both these factors results in zebrafish embryos without hearts

[31, 32]. In contrast to mammals where two HAND transcription factors, HAND1 [33] and

HAND2 [34], exist to regulate cardiogenesis, only Hand2 is present in the zebrafish to

control myocardial differentiation [24, 35]. hand2 mutants still develop nkx2.5 expressing

cardiac progenitor cells; however, it appears that these cells fail to efficiently differentiate

into mature myl7 expressing cardiomyocytes, suggesting that hand2 may primarily act to
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regulate cardiac differentiation. Interestingly, recent studies reveal that Nkx2.5 may act

redundantly with Nkx2.7 to promote heart tube extension early but chamber size later in

cardiac development, thus suggesting that Nkx2.5/2.7 may not be necessary for early cardiac

specification [36, 37]. Furthermore, Hand2 also appears to regulate tbx5 expression in the

zebrafish, and similar to Holt-Oram patients, who harbor TBX5 mutations, the tbx5/

heartstring zebrafish mutants also display cardiac and pectoral fin (limb) defects [38]. In

addition to Tbx5, other T-box transcription factors, including Tbx2 and Tbx20, have been

shown to be crucial in zebrafish cardiac development as well. Tbx2 is duplicated in the

zebrafish genome, but its homologues appear to have redundant functions in regulating the

formation of non-chambered myocardium as well as controlling cardiac proliferation

possibly through Tbx5 regulation [39–41]. Additionally, tbx5 expression appears to be

regulated by Tbx20, and tbx20 morpholino knockdown in zebrafish embryos results in not

only tbx5 misexpression throughout the heart tube, but also cardiac looping and chamber

formation defects as observed in patients with TBX20 mutations [42–44]. Though future

studies will be required to elucidate the organization of this cardiac transcription factor

network, recent studies have begun to reveal the importance of epigenetic regulation through

the Brg1/Brm-associated factor (BAF) chromatin remodeling complexes in order to

coordinate the activities of many of these cardiac transcription factors [45].

Induction of cardiac precursors and their differentiation into specific cardiac lineages is

dependent on several signaling pathways. As previously mentioned, retinoic acid signaling

appears to restrict the cardiac progenitor pool during the blastula stage and its reduction can

lead to an expansion of cardiac precursors [21]. However, retinoic acid signaling appears to

play a different role at later stages by restricting the cardiac field in the ALPM posteriorly

[27]. Furthermore, retinoic acid produced by the endocardium and epicardium appears to be

necessary for the cardiomyocyte proliferation during zebrafish heart regeneration [46]. Thus,

retinoic acid signaling plays an essential role in both cardiac development and regeneration

but through context dependent mechanisms. Similarly, Wnt signaling can also temporally

regulate cardiac progenitor numbers. Inhibiting Wnt signaling by Dkk1 overexpression prior

to gastrulation leads to reduced cardiac progenitors; however, Wnt inhibition one hour after

the onset of gastrulation results in increased cardiac progenitors [47]. Furthermore,

Hedgehog (Hh) signaling plays a cell-autonomous role during early cardiac specification to

control the numbers of cardiac progenitors [48]. Reduced Hh signaling leads to decreased

cardiac precursors, whereas increased Hh signaling produces more cardiac precursors.

Though reduced Nodal [22, 49], Bmp [50], and Fgf signaling [51] decreases both atrial and

ventricular precursors depending on the developmental stage, it appears that the Nodal and

Fgf pathways may impact ventricular progenitors more than atrial progenitors [22, 49, 51],

whereas BMP may conversely influence atrial progenitors more than ventricular progenitors

[42, 49, 50, 52]. Finally, in order for early cardiac progenitor cells to receive additional

instructive cues for cardiac specification, these cells must migrate to the correct location

within the ALPM. This migration is dependent on the Apelin G-protein coupled receptor

signaling pathway and, the grinch mutant, which harbors a mutation in the Apelin receptor

agtrl1b, fails to develop the cardiac fields within the ALPM due to the inability of these

mutant cardiac progenitors to migrate properly [53, 54]. As a result, these mutants

frequently develop without a heart. Overall, although these studies reveal that these cardiac
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signaling pathways act in a developmental stage-specific manner, further studies will be

necessary to elucidate the downstream pathways that are activated by these signals to control

cardiac specification and differentiation.

Heart tube formation

After forming in the ALPM, the bilateral myocardial progenitors migrate towards the

embryonic midline to assemble into a heart tube (Figure 1D, E). This event appears to be

regulated by not only cell autonomous but also cell non-autonomous mechanisms from the

surrounding tissues including the overlying anterior endoderm, underlying yolk syncytial

layer (YSL), and the endocardium. Cardia bifida mutants identified from zebrafish forward

genetic screens have been particularly useful in revealing the cellular and molecular

pathways that control these processes [5, 7, 55]. Mutants with endodermal formation

defects, such as casanova, bonnie and clyde, and faust, exhibit cardia bifida [29, 56, 57];

however, the endodermal signals that regulate myocardial progenitor cell migration remain

unclear. Two particularly interesting cardia bifida mutants, miles apart (mil) and two of

heart (toh)/sphingolipid transporter (spns2), have illuminated the importance of the

sphingolipid signaling in myocardial progenitor cell migration, and moreover were found to

genetically interact [58–60]. mil encodes the Sphingosine-1-phosphate receptor 2 (S1P2)

protein, which transmits Sphingosine-1-phosphate (S1P) signaling and is located in the

endoderm, whereas Spns2 may regulate the release or trafficking of S1P in cells.

Interestingly, YSL specific expression of wildtype spns2 results in rescue of the toh/spns2

mutants, suggesting that the YSL may provide the S1P ligand to signal to the endoderm.

One possible mechanism as to how the endoderm and YSL may modulate myocardial cell

midline migration is through the extracellular matrix (ECM) surrounding myocardial

progenitor cells. Cardia bifida is observed in not only the fibronectin mutant, natter (nat)

[61], but also embryos where syndecan 2 (sdc2), a proteoglycan gene, is morpholino

knocked down in the YSL [62]. Furthermore, though hand2 mutants fail to produce

adequate numbers of cardiomyocytes, they appear to also have a midline migration defect

due to increased fibronectin levels. Interestingly, the hand2 midline defect can be partially

rescued in the nat heterozygous background [63]. These data suggest that a proper balance

of ECM is necessary to control myocardial migration and heart tube assembly.

Myocardial precursors retain an apical-basal polarity during their midline migration, which

may be regulated by their interactions with fibronectin. However, epithelial polarity mutants

including heart and soul (has/prkci) [64, 65], mosaic eyes (moe/epb41l5) [66], nagie oko

(nok/mpp5a) [67], oko meduzy (ome/crb2) [68, 69], and pard6gb [70], appear to still migrate

to the midline, but fail to properly assemble into a linear heart tube [64, 65]. More detailed

analysis using time-lapse imaging reveals that defects in has/prkci or nok/mpp5a leads to

disruption of myocardial precursor epithelial sheets as well as uncoordinated migration of

these cells, subsequently resulting in failure to create a linear heart tube [71]. Thus, these

studies highlight the importance of cell polarity to maintain myocardial precursor epithelial

sheet coherence and migration to form the linear heart tube [72, 73].

Finally, the endocardial cells, the inner lining of the myocardial heart tube, is required for

the formation of the heart tube. These progenitor cells, which are more anteriorly located in
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the ALPM [24], migrate medially and posteriorly to line the interior of the developing heart

cone [74]. Embryos with mutations in the Scl/Tal1 transcription factor exhibit defective

endocardial cell migration, resulting in these cells localizing primarily in the ventricular pole

of the heart. Though the myocardial precursor cells are able to migrate to the midline in

these mutants, their heart tubes fail to form properly. Using cloche mutants, more recent

studies have revealed that the endocardium may act to more specifically control myocardial

progenitor cell movements that are necessary to close the cardiac cone [75]. Interestingly,

the myocardial progenitor cells of mil/s1p2 cardia bifida mutants are able to undergo these

particular cellular movements despite the absence of their midline migration. Future studies

will be required to elucidate the signals emanating from the endocardium to control

myocardial progenitor cell movements.

Cardiac growth and proliferation

As the heart continues to develop and undergo morphologic changes, additional

cardiomyocytes are required to create the final adult cardiac structures. The relatively small

size of the developing zebrafish heart is particularly conducive towards elucidating how the

vertebrate heart may derive these new cardiomyocytes. Taking advantage of fluorescent

protein folding differences of GFP and dsRed as well as the photoconvertible kaede protein,

recent developmental-timing studies have used a combination of cardiac-specific transgenic

lines including Tg(cmlc2:GFP), Tg(cmlc2:nuc-dsRed) and Tg(cmlc2:kaede), to reveal two

late-differentiating cardiomyocyte populations that may extend the ends of the heart at the

arterial and venous poles [76] (Figure 1C, F). Late differentiating atrial cardiomyocyte

progenitors appear to add to the venous pole from 16 to 26 somites and are created through

an islet1 dependent mechanism, suggesting a possible secondary heart field in the zebrafish

[76] (Figure 2A–C). After the linear heart tube forms by 30 hpf, a second wave of new

ventricular cardiomyocytes is added to the arterial pole and regulated through Fgf signaling

(Figure 1F, 2D–F). As a result, islet1 [76] and fgf8/ace mutants [51, 77] exhibit reduced

numbers of atrial and ventricular cardiomyocytes at later cardiac developmental stages.

Using genetic fate-mapping approaches, more recent studies have revealed that the latent

TGF-β binding protein 3 (ltbp3) gene not only marks these late cardiac progenitors at the

arterial pole, but also may regulate their proliferation [78]. Although zebrafish hearts have

only two cardiac chambers, these studies suggest that the events driving cardiac

development, including second heart field formation, appears to be highly conserved

amongst vertebrates.

During the addition of new cardiomyocytes from 24–48 hpf, pre-existing cardiomyocytes

within the developing zebrafish heart appears to slowly divide [41, 76]. However, between

48 to 72 hpf, growth of the heart may be dependent on endogenous cardiomyocytes

proliferating. The liebeskummer (lik) mutant, which harbors an activating mutation in the

DNA-stimulated ATPase reptin, displays a dramatic increase in ventricular cardiomyocyte

proliferation between 48 and 72 hpf [79]. Morpholino knockdown of pontin, another DNA-

stimulated ATPase known to be a reptin antagonist, can recapitulate the lik phenotype.

Furthermore, the island beat (isl) mutant, which contains a mutation in the calcium channel,

voltage-dependent, L type, alpha 1C subunit (cacna1c) gene, interestingly also exhibits a

significant reduction of cardiomyocytes at 72 hpf despite normal cardiac development up to
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48 hpf, thus suggesting that calcium signaling may regulate cardiomyocyte proliferation

[80]. Because of the recent observations that postnatal mouse and adult zebrafish injured

hearts can regenerate by cardiomyocyte proliferation [28, 81, 82], future studies illuminating

the underlying mechanisms of early cardiomyocyte proliferation may prove particularly

useful towards understanding how adult/mature cardiomyocytes may divide.

Finally, a series of endocardial mutants, heart of glass (heg), santa (san), and valentine

(val), have shed light on the role of the endocardium to regulate cardiac growth [83, 84]. The

mutants exhibit similar cardiac phenotypes including enlarged hearts and thin chamber

walls. Positional cloning studies reveal that these affected genes encode proteins associated

with familial cerebral cavernous malformations (CCM1/KRIT/san and CCM2/val) in

humans [83, 84]. Additional genetic and biochemical studies show that these genes and their

encoded proteins interact with each other, and their combinatorial morpholino knockdowns

at low doses can phenocopy the enlarged heart phenotype [85–87]. Though it remains

unclear as to how the endocardium regulates myocardial growth in the zebrafish, perhaps

similar cardiac events in mouse, where the endocardium signals to the myocardium to

control myocardial trabeculae development [88], could also be involved in zebrafish cardiac

growth.

Cardiac looping and Chamber formation

In zebrafish, the first morphological differences between the two cardiac chambers can be

observed after the formation of the linear heart tube although molecular differences between

atrium and ventricle are apparent much earlier [89]. At 24 hpf, the heart tube begins to

extend and turn such that the ventricle becomes anterior and right-sided, whereas the atrium

becomes more posterior and left-sided (Figure 1E). These initial morphogenetic events lead

to the looping of the heart, and the subsequent followed by the ballooning of the cardiac

chambers as well as the development of the atrioventricular canal (see below) [90] (Figure

1F). Molecular events that may transpire to guide these morphogenetic events include the

specification of chambered and non-chambered myocardium [39, 41, 91–93]. Similar to

amniotes, Bmp signaling and Tbx2 appear to control non-chamber myocardial specification,

possibly through Wnt signaling in the zebrafish [40]. Furthermore, the expansion of tbx2

expression in zebrafish gridlock/hey2 mutants suggests that this non-chamber myocardial

BMP-Tbx2 pathway may be regulated through a negative feedback loop with the chamber

myocardial Notch/Hrt pathways as observed in mouse and chick [92]. Moreover, chambered

myocardial specific markers, such as Anf, appear to be expressed in the chambered

myocardium both in zebrafish and amniotes [94], thus suggesting that chamber and non-

chamber myocardial specification as well as cardiac looping and chamber formation may be

a conserved process amongst vertebrates.

In order for the chambers to balloon and expand, cardiomyocytes in each chamber must

differentially undergo cell shape changes. As a result, by 48–56 hpf, the ventricular concave

inner curvature (IC) cardiomyocytes nearest the non-chambered myocardium (i.e.

atrioventricular canal, inflow/outflow tract) remain more rounded, whereas the ventricular

convex outer curvature (OC) cardiomyocytes become more elongated (Figure 3A) [11, 94].

These cellular morphogenetic events appear to be regulated by not only mechanical but also
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electrical forces [95]. In weak atrium (wea/myh6) mutants, which lack atrial contractions,

the OC ventricular cardiomyocytes fail to elongate thus resulting in a smaller ventricular

chamber and reduced anf expression, whereas in half-hearted (haf/vmhc) mutants, which

lack ventricular contraction due to failure to form ventricular sarcomeres, their OC

ventricular cardiomyocytes become more elongated leading to larger ventricular chambers

and increased anf expression [94]. Though these studies suggest mechanical forces are

required for chamber formation, future studies will be required to elucidate whether

myocardial stretch, myocardial contractility and/or hemodynamic flow is responsible for

these cardiomyocyte cell shape changes. Additionally, recent studies have also shown that

electrical conduction can also influence chamber cardiomyocyte morphogenesis. The dococ

(dco) mutant, which exhibits disorganized conduction because of a mutation in gap junction

protein alpha 3 (gja3), fails to undergo proper cardiac morphogenesis to develop expanded

cardiac chambers [95] (Figure 3B). To determine whether this morphogenetic defect was

due to physical and/or electrical forces, dco hearts were further examined in non-contractile

hearts using silent heart (sih) mutants (Figure 3C, D). As a result, these dco;sih double

mutants also exhibited similar chamber defects, suggesting that electrical forces independent

of physical forces can influence cardiomyocyte morphogenesis and cardiac chamber

ballooning (Figure 3D). Though cellular shape changes are crucial for cardiac chamber

formation, future studies are required to elucidate the underlying molecular mechanisms that

translate these biophysical forces to cell morphogenesis.

Atrioventricular Canal and Valve Development

Division of the heart into chambers represents an essential evolutionary milestone in

vertebrates that allows for the heart to receive (atrium) and pump (ventricle) blood

throughout a closed circulatory system [96]. The atrioventricular (AV) canal has developed

several specialized functions to regulate forward blood flow through these chambers.

Despite programming a second cardiac chamber in the invertebrate chordate, Ciona

intestinalis, bidirectional blood flow is still observed in these animals due to uncoordinated

beating of the chambers and lack of cardiac valve leaflets [97]. Thus, vertebrate animals

have evolved a distinct genetic and cellular program to form these specialized AV

structures, which include the AV cushions that give rise to the AV valves and part of the

septal walls, as well as the AV myocardial conduction delay (AV node) between chambers.

Here, we will specifically focus on the development of the AV canal and AV valve leaflets,

and AV conduction development will be further discussed in detail in the conduction/

arrhythmia section.

Although AV canal and valve development has been extensively studied in mouse and chick

[98], the zebrafish system presents several advantages, including the ability to carry out

forward genetic screens [8] and study vertebrate gene function at the single cell level [8, 39,

99]. The AV canal forms at the border between the atrium and ventricle, and the first

molecular indication of AV canal specification in the zebrafish occurs at approximately 37

hpf with the restriction of bmp4, tbx2b, and versican expression to the AV myocardium [18,

39] (Figure 1F). At ~45 hpf, the expression of notch1b, hyaluronan synthase 2 and

neuregulin becomes restricted to the AV endocardium [83, 100–102]. These molecular

changes are accompanied by AV myocardial cellular changes resulting in cardiac looping,
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constriction of the AV canal, and the initiation of AV endocardial morphologic changes [8]

(Figure 4C, E, F). These cellular changes can be observed as early as ~40 hpf where AV

cardiomyocytes extend their basolateral surface and constrict their apical surface while the

AV endocardial cells become cuboidal [39] and express the cell adhesion molecule DM-

grasp [8]. Though the differentiated AV canal begins to block some retrograde blood flow in

the 48 hpf zebrafish, recent high-speed imaging studies have revealed that AV endocardial

cells continue to remodel to create primitive valve leaflets allowing for complete block of

retrograde blood flow at 72 hpf [99]. During this developmental period, these AV

endocardial cells not only undergo cell polarity and cell shape changes [8], but also become

two cell layer thick [99]. As a result, AV valve leaflet endocardial cells nearest to the AV

canal remain cuboidal whereas those closest to the chambered myocardium become

rounded. Although regulated by similar signaling pathways that occur during mammalian

AV valve development, these AV endocardial cellular events do not require epithelial-to-

mesenchymal transformation (EMT) to form these valve structures. However, at later

developmental stages (12–16 day postfertilization/dpf), the AV valve leaflets appear to

thicken and lengthen by downregulating epithelial markers and upregulating mesenchymal

markers, thus suggesting that EMT may occur during later stages of zebrafish development

[103]. In addition to these AV myocardial and endocardial cellular events, the extracellular

matrix (ECM) also participates in AV canal morphogenesis [18, 102]. The jekyll mutant,

which harbors a mutation in the UDP-glucose dehydrogenase (udgh) gene, exhibits blood

flow toggling between the atrium and ventricle [18]. This enzyme is crucial for the synthesis

of the ECM components, Hyaluronic acid, Heparan sulfate, and Chondroitin sulfate

glycosaminoglycans. Consistent with these findings, chondroitin sulfate inhibition by

reverse and chemical genetics in zebrafish results in the lack of AV canal formation [104].

Interestingly, recent human AV canal defect genetic studies have discovered mutations in

the UGDH gene [105].

Several zebrafish studies have begun to elucidate the signaling pathways that may regulate

AV canal formation. One of the earliest events of AV canal formation is the specification of

non-chambered myocardium [106]. BMP2/4 signaling participates in AV canal formation by

inducing Tbx2 expression in the non-chambered myocardium between the atrial and

ventricular chambers [107], and loss of function of tbx2b, bmp4, or activin A receptor, type I

like/lost a fin (laf) results in AV canal defects in the zebrafish [39–41]. Recent studies have

revealed several factors that may regulate this signaling pathway including the ECM protein

Nephronectin [108], the single pass transmembrane protein Tmem2 [109, 110], and Wnt

signaling [40]. Loss of Nephronectin and Tmem2 function leads to expansion of AV specific

genes, including BMP4, throughout the heart as well as ectopic AV canal like cardiac cells

in the heart chambers, whereas increased Tmem2 expression through loss of microRNA-23

function may result in endocardial cushion defects [111]. Furthermore, recent studies have

shown that Wnt signaling may regulate bmp4 and tbx2b expression in the AV canal [40].

Interestingly, the zebrafish adenomatous polyposis coli (apc) mutant, which maintains

constitutively active β-catenin signaling, exhibits a profuse endocardial layer at the AV

boundary at 72 hpf, whereas inhibition of Wnt signaling by dkk1 RNA injection leads to a

lack of AV canal differentiation and AV blood toggling [102]. Despite the lack of EMT

requirement in zebrafish early AV valve leaflet formation, signaling pathways implicated in
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mammalian valve development, such as Notch and NFATc/calcineurin, have been shown to

also regulate zebrafish AV valve formation [112, 113]. Detailed studies in the zebrafish

suggest that the Notch signaling pathway may control specific stages of AV canal

development. Constitutive Notch activation at 24 hpf in the endocardium results in lack of

AV endocardial cell differentiation whereas Notch inhibition leads to the presence of ectopic

cuboidal, DM-grasp positive (AV-like) endocardial cells in the ventricle; however,

inhibition of Notch signaling at 36 hpf results in disorganized endocardial cells at the AV

canal [8]. Using cyclosporine A (CsA) to block calcineurin signaling, recent studies have

shown that NFAT signaling is also a conserved signaling pathway for vertebrate AV valve

formation [8, 113], although the cellular effects of CsA treatment on cushion and valve

formation remain to be fully examined. Taking advantage of chemical genetics in the

zebrafish, recent studies have shown that ErbB/neuregulin, TGF β, and prostaglandin

signaling pathways may also regulate specific developmental stages of zebrafish AV canal

and valve leaflet formation.

Finally, combining its optical clarity, genetic tractability, and external fertilization, the

developing zebrafish embryo/larvae has been used to show in vivo that hemodynamic fluid

forces can regulate AV canal and valve development. Cardiac contractile mutants, such sih

and cardiofunk (cfk), display not only reduced cardiac contraction, but also impaired AV

valve formation [114]. Furthermore, physical occlusion of either inflow or outflow tracts

with glass beads at 37 hpf results in failure to develop AV valves as well, supporting the

requirement of blood flow during AV endocardial cell differentiation [115]. Additional

detailed studies using high speed imaging of blood flow, have further investigated the

specific hemodynamic components that regulate AV valve leaflet formation [116]. Using a

combination of blood morpholino knockdowns, these studies revealed that AV endocardial

cell differentiation was dependent on oscillatory blood flow but not on wall shear stress.

These findings are consistent with the observation that many zebrafish contractility mutants,

which have low oscillatory blood flow, exhibit AV valve formation defects. Furthermore,

klf2a, an oscillatory flow-sensitive gene, appears to be expressed in the wildtype AV canal,

whereas it is significantly downregulated in zebrafish cardiac contractility mutants.

Consistent with these findings, klf2a morpholino knockdown results in failure to form AV

valve leaflets despite not changing oscillatory flow.

Cardiac Trabeculae

Cardiac trabecuale are highly-organized muscular protrusions present in the ventricular

lumen. They likely serve to not only increase myocardial surface area for blood oxygenation

but also regulate cardiac function. As a result, both hypotrabeculation and

hypertrabeculation (non-compaction in humans) depending on the vertebrate species can

lead to both developmental and functional defects [117, 118]. Additionally, the ventricular

cardiac conduction system may also initially develop from the ventricular trabeculae (see

below, Conduction/Arrhythmia section).

After cardiac looping, chamber ballooning, and AV canal formation have occurred,

zebrafish ventricular cardiomyocytes invaginate into the ventricular lumen at 60 hpf to

initiate cardiac trabeculae formation [119]. By 72 hpf, the ventricular chambers develop
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distinguishable trabeculae, which predominantly line the ventricle outer curvature by 5 dpf

[119, 120]. Though the trabeculae continue to expand and mature up to 15 dpf, the compact

myocardium still remains one cell layer thick [120], which is consistent with the relatively

thin compact myocardium observed in adult zebrafish ventricles [121]. Similar to

mammalian hearts [122–125], the Neuregulin/ErbB pathway appears to also regulate

ventricular trabeculation in zebrafish hearts [119, 120]. Functional loss of this pathway

using a combination of small molecules and erbb2 mutants/morphants resulted in failure to

form trabeculae, progressive cardiac failure, and cardiac conduction defects. Additionally,

the reduction of blood flow as observed in silent heart or weak atrium mutants can lead to

reduced trabeculae, suggesting the requirement of proper blood flow for progression of

trabeculation [11, 119] (Figure 5D). Finally, lineage tracing and transplantation studies

further revealed that through an ErbB2 cell-autonomous manner, cardiac trabeculation is

initiated by directional cardiomyocyte migration instead of oriented cell division. Because

Notch can regulate the Neuregulin pathway through EphrinB2 during mammalian ventricle

trabeculation [88], future studies will be required to investigate whether these pathways are

also required during zebrafish cardiac trabeculation.

Epicardium

The epicardium is an epithelial layer located on the outer surface of the myocardium

(reviewed by Gittenberger de Groot et al in this issue) [126]. It has gained extensive interest

because of its ability to transform into multiple cardiac cell-types and to secrete factors that

may contribute to the developing and regenerating vertebrate heart [46, 127–133]. In the

zebrafish, the first remnants of the epicardium is observed as the proepicardium which is

located near the ventral surface of the looped heart at 48 hpf (Figure 1G). By 72 hpf, cells

emanating from the proepicardium appear to spread across the myocardium, fully covering

the heart by 96 hpf. Similar to the mammalian heart, wt1, tbx18, and tcf21 appear to be

expressed in the proepicardium and epicardial cells [134, 135]. Furthermore, tbx5 and BMP

signaling is required for the formation of the epicardium [134]. Because of its recent roles in

cardiac regeneration, future developmental studies of the epicardium may illuminate the

mechanisms of how the epicardium may contribute to heart regeneration.

FUNCTIONAL HEART DEFECTS

The main function of the heart is to receive and deliver blood throughout the animal. This is

primarily achieved through coordinated pumping of the cardiac chambers and is thus

dependent on cardiomyocyte contractile function and electrical activation. Defects in these

biophysical processes can lead to cardiomyopathies and arrhythmias, respectively. We will

highlight recent zebrafish studies that have further elucidated the cellular and molecular

pathways regulating cardiac function.

Contraction/Cardiomyopathies

Cardiac contractile function is primarily modulated through actin-myosin filament units (i.e.

sarcomeres) sliding across each other to allow for cardiomyocyte force contraction and

subsequent ejection of blood from the heart. Mutations in genes responsible for sarcomeric

function and organization can lead to reduced contraction (dilated cardiomyopathies) and/or
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altered sarcomeric/cardiomyocyte/cardiac structures (hypertrophic cardiomyopathies).

Several mutants exhibiting such cardiomyopathies have been recovered from large forward

genetic screens in the zebrafish [5, 7, 8]. Recent positional cloning studies on many of these

mutants have identified mutations in sarcomeric genes, such as amhc, cmlc1, myl7, vmhc,

titin, and tnnt2 [94, 136–139].

Interestingly, positional cloning of other cardiac contraction mutants has revealed that

additional non-sarcomeric proteins may regulate contractile function. For example, the lost-

contact (loc)/main squeeze (msq)/integrin-linked kinase (ilk) and phospholipase C γ 1 (plc γ

1) mutants have provided insight as to how cardiomyocyte stretch-sensing is crucial for

cardiomyocyte function. Though sarcomeric organization is intact in these mutants,

contractile function is severely reduced due to the inability to respond to stretch [140, 141].

ILK, which co-localizes with α-actinin and PINCH proteins at the Z disks, may sense stretch

through its interactions with β -parvin, an integrin binding protein, and the PINCH proteins

[142]. This ILK pathway in turn is thought to activate PLC γ 1 through Vegf signaling via

the Flt-1 receptor, which then results in increased calcium transients and subsequent

excitation-contraction coupling. Further supporting this cardiac-sensing signaling pathway,

zebrafish morpholino knockdown of laminin α 4, which is present in the extracellular matrix

and interacts with integrins, not only results in cardiac dysfunction but also genetically

interacts with the loc/ilk mutants [143]. Moreover, recent positional cloning studies have

revealed proteins important for sarcomere assembly and maintenance. The futka (ftk)

mutant, which harbors a mutation in connexin36.7, has elucidated a novel pathway in which

this connexin may regulate sarcomeric organization through maintaining nkx2.5 expression

during heart tube formation (16 hpf) [144]. Notably, overexpression of nkx2.5 in ftk mutants

can rescue not only the sarcomere structure defects, but also the reduced contractile function

in these mutants. The flatline (fla) mutant, which contains a nonsense mutation within the

SET- and MYND-domain-containing protein gene (smyd1), exhibits disrupted sarcomere

assembly in cardiac and fast-twitch skeletal muscle [145]. Though the Smyd1 histone

methyltransferase activity appears to be dispensable for sarcomerogenesis, more recent

studies have shown that Smyd2 may control myofilament organization through cytoplasmic

lysine methylation of Hsp90 [146].

Cardiac contractile defects originally discovered from zebrafish forward genetic screen

mutants, such as ilk and titin, have also now been detected in human cardiomyopathies from

human genome sequencing and genetic studies [143, 147]. Conversely, zebrafish reverse

genetics has also been employed to identify and confirm new human cardiomyopathy genes.

Because of the epistatic relationship between laminin α 4 and ilk genes, mutations were

screened in these genes from a cohort of patients with severe dilated cardiomyopathies and

two mutations were subsequently identified in the laminin α 4 gene [143]. Similar to this

candidate cardiomyopathy gene strategy, Nexilin, a highly enriched cardiac protein in the

sarcomeric Z disk, was morpholino knocked down in the zebrafish to investigate its function

[148, 149]. As a result, these nexilin morphants exhibited severely reduced cardiac

contractile function, which led to the sequencing and identification of NEXILIN mutations in

a registry of human dilated cardiomyopathy patients. Overall, as additional candidate

cardiomyopathy genes are discovered through future human genetic studies (Mendelian,
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genome wide association studies, Next-Generation sequencing), there will be a great need to

validate that mutations in these genes can result in cardiomyopathies. Because of its ability

to rapidly assess protein function by morpholino knockdown, the zebrafish presents an

opportunity to efficiently and cost-effectively confirm the role of candidate cardiac genes in

contractile function.

Conduction/Arrhythmias

Vertebrate hearts have evolved into multi-chambered hearts requiring coordinate beating of

their chambers in order to achieve forward blood flow throughout the vasculature. This

electrical synchronization is accomplished through the combination of specialized

cardiomyocytes comprising the cardiac conduction system (CCS) as well as intrinsic ion

channels for all cardiomyocytes. In the vertebrate CCS, the initial cardiac electrical impulses

are generated in the sino-atrial (SA) node and are propagated across the atrium through

specialized atrial cardiomyocytes. The electrical impulse is next delayed at the

atrioventricular (AV) node, a set of highly specialized slowly conducting cardiomyocytes

residing in the AV canal [106, 150], and then travels from the AV node through the rapidly

conducting fast ventricular CCS otherwise known as the His-Purkinje system. This

ventricular activation allows for conduction to travel from apex to base [151] resulting in

efficient ejection of blood from the ventricles (apex to outflow tracts) [152]. Thus,

disruptions in these electrical pathways can lead to arrhythmias including re-entrant

arrhythmias, heart blocks, and atrial and ventricular fibrillation/sudden cardiac death (further

reviewed by Jongbloed et. al. in this issue) [153]. Though the zebrafish heart is comprised of

only two chambers (one atrium and one ventricle), recent physiologic studies in the

zebrafish using optical mapping (calcium and voltage sensitive dyes or transgenics),

electrophysiologic analysis, and optogenetics have discovered that a cardiac electrical wiring

system, similar to four-chambered vertebrate hearts, is required to coordinate the

contractions of the zebrafish atrial and ventricular chambers [11, 17, 154] (Figure 4I, J and

5A, B). Because of the external fertilization and development of zebrafish embryos, these

tools can be employed in vivo to examine CCS development in the intact developing

vertebrate embryo.

As a result, SA node/pacemaker activity has been established as early as 24 hpf in the

zebrafish heart tube using both calcium and voltage imaging/optical mapping studies [11,

101, 155]. Additional optogenetic studies utilizing a cardiac expressing light-activated

hyperpolarizing ion channel transgenic line revealed that pacemaker activity is diffusely

present at the venous pole of the heart tube at 24 hpf, but eventually becomes restricted to

the dorsal right quadrant of the SA ring by 72 hpf [154], which is similar to the electrical

mapping of the SA node in developing chick hearts [156]. Recent reverse genetic studies

have revealed that Wnt signaling as well as the shox2 and isl1 transcription factors may be

involved in regulating SA node development [157, 158].

Optical mapping studies have revealed that the development of the AV conduction delay

occurs as early as 48 hpf when atrial and ventricular chambers are morphologically formed,

and patch clamping experiments of atrial, ventricular and AV cardiomyocytes have further

confirmed these findings [11]. Recent studies have shown that specific AV signaling and
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transcriptional pathways are required to establish this AV conduction delay. For example,

cloche mutants fail to develop AV conduction delay, suggesting that the endocardium may

be necessary for the development of the conduction delay in AV myocardial tissue [101].

Consistent with these findings, morpholino knockdown of notch1b and neuregulin, which

are expressed in the AV endocardium, leads to loss of AV conduction delay. Additional

studies have revealed that the BMP-Tbx2 AV myocardial signaling pathway may be also

required to establish AV conduction delay. AV conduction delay fails to develop in not only

morpholino knockdowns of tbx2b and foxn4, a transcription factor that regulates tbx2b

expression [39] (Figure 4J), but also laf mutants, which have impaired BMP signaling [40].

Finally, from a CCS forward genetic screen, a tcf2 mutant was identified to have AV

conduction delay defects [11]. The crosstalk between AV endocardium and myocardium to

establish AV conduction delay remains to be further elucidated in the future. Combining

forward, reverse, and opto-genetic studies with in vivo physiologic analysis may provide

novel approaches towards dissecting how these pathways regulate the AV conduction

development.

Though lacking a ventricular septum, optical mapping studies have revealed that adult

zebrafish cardiac ventricles also display similar ventricular electrical activation as adult

mammalian ventricles [17]. PSA-NCAM positive trabecular myocardial bands connecting

the AV canal with the ventricle may be responsible for this mature ventricular conduction as

severing these bands results in ventricular conduction block. Development of the ventricular

conduction can be observed as early as 72 hpf when trabeculae start forming [11].

Hemodynamic flow may be required to initiate ventricular CCS development as sih mutants,

which lack blood flow, also fail to develop the ventricular CCS (Figure 5B, F). Interestingly,

this lack of the ventricular CCS in sih mutants may be due to failure to develop trabeculae

[11, 120] and is consistent with previous findings in mouse that the trabeculae may

differentiate into the ventricular CCS [159–161]. Interestingly, recent studies have suggested

that the ventricular CCS may be established earlier than 72 hpf prior to the formation of

trabeculae. Optical mapping studies in 48 hpf zebrafish hearts reveal a difference in

conduction velocity within the ventricle where ventricular conduction is slower in the inner

curvature but is faster in the outer curvature [155]. This ventricular conduction disparity

appears to be due to a differential L-type calcium channel activation gradient across the

ventricular myocardium that is established by Wnt11 signaling. In contrast to the more

mature ventricular CCS development, this early ventricular conduction difference appears to

be not affected in sih mutants.

All cardiomyocytes are highly excitable thus allowing them to become electrically activated

for excitation-contraction coupling. This excitability is established by a diverse set of ion

channels that regulate cardiomyocyte action potentials. Moreover, specific cardiac lineages

exhibit their own individual set of ion channels leading to distinctive action potentials and

excitation susceptibility. Thus, disruptions in these ion channels and their regulatory proteins

can lead to a vast array of human cardiac arrhythmias. Because of their similar heart rates to

humans, zebrafish cardiac conduction studies may have particular relevance to human

cardiac arrhythmias, especially those that may be affected by ion channel/action potential

defects. For example, positional cloning of zebrafish conduction mutants has revealed that
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similar genes are affected in both zebrafish and human cardiac arrhythmias [80, 162]. In

some cases, the affected gene, such as cacna1c, was identified in a zebrafish conduction

mutant (island beat) [80] before it was discovered in a human cardiac arrhythmia (Timothy

syndrome) [163]. Conversely, recent studies have exploited the ability to rapidly knockdown

candidate genes in the zebrafish by morpholinos. For instance, morpholino knockdown of

gins3, the zebrafish ortholog of a candidate gene discovered in a human genome wide

association study on cardiac repolarization, resulted in repolarization abnormalities in

zebrafish hearts [164]. Finally, because the zebrafish is sensitive to chemical treatments,

small molecule screens can be easily performed to test their effects on cardiac conduction.

To this end, the zebrafish has been recently used to test the ability of drugs to cause cardiac

repolarization defects [165]. In the future, the zebrafish could potentially be used to screen

drugs for their effects on cardiac repolarization prior to human use.

VASCULAR/CARDIAC OUTFLOW TRACT DEFECTS

Because the zebrafish possesses one atrial and ventricular chamber and no pulmonary

circulatory system, the zebrafish outflow tract does not septate to form systemic and

pulmonary great vessels but does consist of a simple bulbus arteriosus (BA), which is

comprised of smooth muscle cells [166]. Recent lineage tracing studies indicate that

epicardial cells can give rise to a subset of BA smooth muscle cells [130]; yet, it remains

unclear as to the source of the remaining BA smooth muscle cells. One possibility is that

cardiac neural crest cells, which normally give rise to vascular smooth muscle cells of the

proximal outflow tract in mammalian hearts, may also contribute to the zebrafish BA.

However, zebrafish fate-mapping studies have revealed that zebrafish cardiac neural crest

may actually give rise to myocardial cells [166–169]. Thus, additional studies are warranted

to elucidate the origins of the outflow tract including whether latent cardiovascular

progenitor cells at the arterial pole may also contribute to not only cardiomyocytes but also

BA smooth muscle cells [76, 78]. Despite this unresolved BA origin issue, zebrafish outflow

tract and proximal aorta mutants discovered from both forward and reverse cardiac and

vascular genetic studies which recapitulate similar defects observed in mammalian outflow

tract defects [10, 170], may still provide insight into human CHDs. For example, the

gridlock/hey2 vascular mutant exhibits a similar phenotype to patients with coarctation of

the aorta as well as the mouse hey2 knockout vascular defect [171]. Furthermore, from a

chemical screen on the gridlock mutants, two modulators of VEGF signaling were

discovered to restore blood flow in gridlock mutants, thus highlighting how the combination

of zebrafish mutants and small molecule screens could lead to potential therapeutic

compounds [172].

Summary and Future Directions

With the rapid rise of new technologies to execute human genetic studies (i.e. Genome Wide

Association Studies/GWAS, Whole Exomic Sequencing/WES, Whole Genomic

Sequencing/WGS, Array-comparative Genomic Hybridization/aCGH), a plethora of

potentially disease causing genetic variants/genes will need to be rapidly tested for their

ability to cause the disease phenotypes. Because of its relative ease and speed to morpholino

knockdown genes or inject the RNA of human genes, and then to analyze phenotype, the
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zebrafish has become an ideal vertebrate animal model system to validate potential

deleterious sequence variants (PDSVs) discovered from these human genetic studies. As a

result, a number of groups have used a combination of morpholino knockdown studies and

RNA expression of human genes harboring PDSVs to confirm causal effect [143, 148, 173–

175]. Furthermore, the ability to titrate the amount of morpholino or RNA injected into the

zebrafish also permits the examination of gene dosage effects as well [85, 176]. Thus, it is

likely that in the future, the zebrafish will be used more frequently as a complementary

animal model system to confirm and model human PDSVs causing CHDs.

Though these genetic studies may reveal genes critical for cardiac development, the

mechanisms as to how they control cardiac morphogenesis may not be fully elucidated.

Traditionally, most of our understanding of cardiac development has come from the analysis

of static cardiac and embryonic samples. However, cardiac development is a highly dynamic

process starting with the convergence of the myocardial and endocardial precursors to the

midline and culminating in the generation of a complex organ both morphologically and

functionally. Thus, the zebrafish embryo offers the possibility of further investigating in vivo

the role of these candidate genes during cardiac development using fluorescent cardiac-

specific transgenics and new microscopy techniques. Furthermore, because of the zebrafish

heart’s relatively small size, these dynamic developmental events may be observed at not

only single cell but also subcellular resolution [177]. The ultimate goal of such cellular and

physiology studies is to understand with high temporal and spatial resolution the dynamics

of each cardiac cell, the location of various signals, and the cellular response to these

signals. This understanding, combined with the genetic identification of critical heart

regulators, will likely provide greater mechanistic insight into cardiac development and

CHDs.
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Figure 1.
Zebrafish heart developmental stages. (A) Fate mapping experiments identified cardiac

progenitors in the lateral marginal zones on either side of the gastrula at ~5 hours post

fertilization (hpf), with ventricular progenitors located more dorsally, and closer to the

margin than atrial progenitors. (B, C) Cardiac progenitor cells continue to migrate towards

the midline into the anterior lateral plate mesoderm (ALPM). From there, (B) the ventricular

cardiomyocytes differentiate at the 12 somite stage (~16 hpf) as detected by vmhc

expression, whereas (C) the atrial cardiomyocytes differentiate later at the 15 somite stage as

detected by amhc/myh6 expression. During 19–26 hpf, additional differentiating atrial

cardiomyocytes are added to the venous pole. (D) The progenitor cells further migrate to the

midline to form a cardiac disc around the 25 somite stage (~22 hpf), where ventricular and

atrial cardiomyocytes are located in the medial and peripheral regions of the disc,

respectively. (E) As the cardiac tube extends and turns, the arterial pole is anterior and right-

sided, whereas the venous pole is more posterior and left-sided. (F) Late differentiating

cardiomyocytes add to the arterial pole from 34–48 hpf, and the heart tube begins to

constrict at the future AV canal and loop at ~37 hpf. (G) By 48 hpf, the cardiac chambers

have undergone ballooning/expansion, while the AV canal remains constricted. The first

proepicardial cells can be observed at this stage near the ventral surface of the looped heart,

next to the AV canal. These cells will proliferate and migrate to become the epicardium,

which eventually covers the myocardium.
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Figure 2.
Late differentiating cardiomyocytes are added to the cardiac poles. Using Tg(cmlc2:kaede),

cardiomyocytes expressing the kaede fluorophore can be photoconverted from green to red

to label preexisting cardiomyocytes for developmental timing assays. (A–C) As a result,

Tg(cmlc2:kaede) hearts photoconverted to red at 19 hpf displayed atrial cardiomyocytes that

are green only at 26 hpf (arrows), suggesting that new green kaede atrial cardiomyocytes are

added after 19 hpf. (D–F) Additionally, Tg(cmlc2:kaede) hearts photoconverted to red at 34

hpf displayed ventricular cardiomyocytes that are green only at 48 hpf (arrows), suggesting

that new green kaede ventricular cardiomyocytes are added after 34 hpf. The arterial poles

are positioned to the top in all confocal images. Dotted line marks the heart region

containing green myocardium (A, D). When this area is compared to the original

photoconverted red myocardium area (B, E), the addition of new cardiomyocytes to the

cardiac poles can be appreciated (C, F). A: atrium, V: ventricle. Figure: Courtesy of Yelon

D. [76]
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Figure 3.
Cardiac conduction, independent of biomechanical forces, can influence cardiomyocyte

morphogenesis. (A–D) Confocal images of the heart at 60 hpf, using Tg(cmlc2:ras-eGFP) to

visualize the shape of individual cardiomyocytes in (A) wildtype (WT), (B) dco mutant (C)

sih mutant, and (D) dco;sih double mutant. Solid yellow, orange, and red lines outline

cardiomyocytes in the outer curvature (OC), inner curvature (IC), and atrioventricular canal

(AV) of the ventricle, respectively. Dashed yellow, orange, and red lines outline the OC, IC
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and AV regions of the ventricle, respectively. Note ventricular OC cardiomyocytes in dco

and dco;sih hearts are more circular compared to those in WT and sih hearts. [95]

Tu and Chi Page 27

Differentiation. Author manuscript; available in PMC 2014 July 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
slipjig/foxn4 mutant fails to form the AV canal and develop an AV conduction delay. (A, B)

Epifluorescence micrographs show that Tg(cmlc2:GFP) (A) wildtype (WT) hearts loop by

48 hpf but (B) slipjig/foxn4 mutant hearts do not. (C, E) WT and (D, G) slipjig Tg(flk1:ras-

cherry); Tg(cmlc2:ras-GFP) hearts, which have endocardial and myocardial cells outlined

in red and green, respectively, were imaged by confocal microscopy at 40 hpf. AV

myocardial and endocardial cell morphologies become triangular and cuboidal, respectively

in (C, E) WT but not (D, G) slipjig/foxn4 hearts. These cell morphology changes are further
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illustrated in (F, H). (I, J) Optical mapping by calcium imaging using Tg(cmlc2:gCaMP)

shows that AV conduction delay as observed in (I) WT is absent in (J) the slipjig mutant.

Isochronal lines (numbered white lines) indicate temporal calcium activation every 60 ms

from venous to arterial pole. White arrowhead: AV canal; Atr: atrium; Ven: ventricle.

Numbers: calcium activation sequence. [39]
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Figure 5.
Cardiac conduction in wildtype (WT) and sih mutant hearts. (A, B) Optical mapping of

calcium activation in 100 hpf (A) WT and (B) sih mutant hearts, using Tg(cmlc2:gCaMP).

Isochronal lines (numbered red lines) indicate temporal calcium activation every 60 ms from

venous to arterial pole. Note that the initial ventricular calcium activation within the WT

ventricle begins in the trabeculae, whereas it initiates in the ventricular wall in sih ventricles.

(C, D) Confocal images of rhodamine phalloidin stainied Tg(flk1:EGFP) (C) WT and (D)

sih hearts. Green: endocardial cells; Red: cardiomyocytes; White arrowhead: AV canal.

Tu and Chi Page 30

Differentiation. Author manuscript; available in PMC 2014 July 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Though both WT and sih hearts have completed cardiac looping, trabeculae has formed only

in WT hearts. (E, F) Schematic representation of WT and sih hearts as seen in (A, B).

Numbers indicate calcium activation sequence. Yellow arrows show the direction of

conduction. Green circles represent slow conduction nodes. Atr: atrium; Ven: ventricle;

OFT: outflow track; AVC: AV canal. [11]
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