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Abstract

Over the past 20 years, the zebrafish has emerged as a powerful model organism for studying 

cardiac development. Its ability to survive without an active circulation and amenability to forward 

genetics has led to the identification of numerous mutants whose study has helped elucidate new 

mechanisms in cardiac development. Furthermore, its transparent, externally developing embryos 

have allowed detailed cellular analyses of heart development. In this review, we discuss the 

molecular and cellular processes involved in zebrafish heart development from progenitor 

specification to development of the valve and the conduction system. We focus on imaging studies 

that have uncovered the cellular bases of heart development and on zebrafish mutants with cardiac 

abnormalities whose study has revealed novel molecular pathways in cardiac cell specification and 

tissue morphogenesis.
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INTRODUCTION

During development, the embryonic heart undergoes a series of complex morphogenetic and 

differentiation processes to form the mature cardiac structures (7, 10, 23, 111). Problems 
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with these processes can lead to congenital heart defects. Understanding the mechanisms 

that form the heart is a difficult challenge, as early heart defects cause lethality in most 

vertebrates. One notable exception is the zebrafish, which develops a functional heart within 

24 hours post-fertilization (hpf) but can survive through the first week of development 

without a functioning cardiovascular system. Taking advantage of this property, along with 

the external development of the zebrafish embryo, relatively fast generation time, and high 

number of offspring, a number of forward genetic screens have been performed. These 

screens identified dozens of mutants with defects in cardiac structure or function (2, 12, 18, 

22, 115). Complementary to forward genetic approaches, a number of tools and techniques 

allow disruption of specific genes of interest. Morpholino antisense oligonucleotides allow 

for rapid disruption of genes of interest (27) but often cause nonspecific effects, particularly 

in the cardiovascular system. Emerging technologies such as zinc finger nucleases (28), TAL 

effector nucleases (TALENs) (45, 98), and TILLING (74) enable generation or identification 

of mutations in genes of interest and do not suffer from the same off-target effects as 

morpholinos do. Recently, powerful transgenic tools have allowed spatial and temporal 

manipulation of gene expression, and advances in microscopy have utilized the transparency 

of zebrafish embryos and larvae to monitor complex developmental processes in vivo (31, 

76, 99, 102). Furthermore, many small molecules enter zebrafish after addition to the water, 

which, along with the ability to raise embryos and larvae in multi-well plates, allows for 

rapid in vivo screening of chemical libraries (8). Automated screening technologies continue 

to improve, and platforms capable of performing high-throughput confocal imaging with 

cellular resolution have been recently described (81).

Remarkably, the zebrafish heart also shows high regenerative capacity and can reform a fully 

functional heart even after substantial damage (16, 36, 48, 55, 86, 87, 100, 129). Because the 

regenerative process seems to reactivate developmental pathways (55), understanding 

zebrafish heart development also helps us understand the unusual cardiac regenerative 

potential of this model organism.

Despite being a two-chambered organ, the zebrafish heart exhibits many similarities to the 

amniote heart, and cellular and molecular studies clearly illustrate the common evolutionary 

origin of these structures. For this reason, many scientists who have traditionally used the 

mouse or chick to study heart development have now fully embraced the zebrafish model 

system. Here, we present an overview of the processes involved in cell differentiation, 

morphogenesis, and physiology during zebrafish heart development, with particular 

emphasis on findings made possible by the unique properties of this powerful model system.

EARLY CARDIAC PROGENITORS

Cardiac progenitors can first be tagged at the blastula stage. Fate mapping places myocardial 

progenitors close to the embryonic margin in lateral fields on both side of the embryo (53, 

113). Even at this early stage, atrial and ventricular progenitors are segregated, with 

ventricular progenitors occupying a position closer to the margin and more dorsal than their 

atrial counterparts (53). Meanwhile, endocardial progenitors occupy a similar area of the 

margin (63), but do not appear to be organized by chamber (53). Myocardial progenitors 

retain their relative positions through gastrulation, and by the 6–9 somite stages are found 
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within the posterior half of the anterior lateral plate mesoderm (ALPM) (Figure 1a). This 

territory expresses the transcription factor genes hand2 and gata4 (101, 134). Ventricular 

progenitors are enriched in the medial aspect of this region, which expresses the 

transcription factor gene nkx2.5, whereas atrial progenitors are enriched laterally. 

Progenitors are commonly visualized by the expression of nkx2.5 and the cardiac regulatory 

myosin light chain gene myl7 (previously cmlc2) (35). Ventricular progenitors remain 

medial to the atrial progenitors, and these two populations can be distinguished by their 

expression of ventricular myosin heavy chain (vmhc) and atrial myosin heavy chain (amhc/
myh6), respectively (133).

Several signaling pathways have been shown to regulate the number of myocardial 

progenitors, including retinoic acid (RA) (52, 112, 130), Wnt (124), Hedgehog (Hh) (127), 

fibroblast growth factor (Fgf) (68), bone morphogenic protein (Bmp) (69, 89), and Nodal 

(53, 89). Although Hh signaling seems to be important for establishing progenitors for both 

chambers (118), Bmp inhibition greatly decreases atrial progenitor specification (69). In 

contrast, decreasing Nodal or Fgf signaling suppresses both atrial and ventricular 

specification but with a greater effect on ventricular progenitors (53, 68, 89). Meanwhile, 

although inhibition of RA signaling increases both atrial and ventricular progenitor 

populations to the same degree, it appears to accomplish this effect through different 

mechanisms (130). Whereas ventricular populations increase because of an increased 

number of ventricular progenitors within the blastula, atrial populations seem to increase 

because of an increase in the number of progeny per early progenitor. Other studies have 

revealed interesting temporal roles for these signaling pathways. For example, activation of 

Wnt signaling at pregastrulation stages increases progenitor numbers, whereas activation an 

hour after the onset of gastrulation significantly decreases their numbers, possibly through 

induction of programmed cell death in cardiac progenitors (26, 124). Though the heat-shock 

inducible transgenic animals used in these studies allowed for temporal analysis of Wnt 

signaling in cardiac specification, genetic loss-of-function studies are needed to dissect the 

role of this pathway in this process. Looking forward, although many pathways have been 

identified to modulate cardiac progenitor specification, how these different pathways interact 

to produce the correct number and distribution of progenitors remains an open question, as 

does the elucidation of the gene regulatory networks downstream of these signaling 

pathways. Importantly, it is very likely that the role of these pathways and their effectors in 

cardiac cell specification is conserved throughout evolution, and thus that the zebrafish 

model will continue to contribute significantly to these studies.

Once progenitors are specified, they migrate to the correct location within the ALPM, where 

they further differentiate. Two studies have implicated G-protein coupled receptors (GPCRs) 

in this migration (103, 136). The grinch mutant has greatly diminished heart fields and, 

occasionally, completely lacks a heart (103). This mutation affects agtrl1b, which encodes a 

GPCR for the signaling peptide Apelin. Cell transplantation data using morpholino 

knockdown of agtr1b suggested that the receptor works cell-autonomously to limit both 

cardiac potential and cell movement during gastrulation. Surprisingly, transgenic 

overexpression of apelin before gastrulation, but not during, also inhibits heart formation. 

Hence, these data support a model where localized Apelin/Agtr1b signaling directs the 
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movement of myocardial progenitors to the correct location within the ALPM, where they 

can receive myocardial differentiation signals.

Once in the ALPM, interactions with other tissues influence cardiac cell differentiation. 

Within the ALPM, vascular and hematopoietic precursors neighbor the heart field anteriorly 

and pectoral fin precursors posteriorly. The absence of vascular and hematopoietic 

precursors in the cloche (clo) mutant (114) likely leads to the observed expansion of hand2 
expression and ectopic cardiomyocyte differentiation in the anterior ALPM, which causes an 

increase in atrial cell number (101). Conversely, expansion of vascular and hematopoietic 

progenitors by injection of scl and etsrp RNA reduces the size of the myocardial domain. 

Interestingly, knocking down etsrp in an etsrp:GFP bacterial artificial chromosome (BAC) 

transgenic line in which the vascular and hematopoietic progenitors are marked revealed that 

etsrp:GFP positive cells became cardiomyocytes, indicating that Etsrp functions in vascular 

progenitors at least in part to prevent cardiomyocyte differentiation (79). On the posterior 

side, RA signaling is required cell-autonomously in the forelimb field for its specification 

(130). RA-signaling inhibition leads to a posterior expansion of Fgf signaling, which 

represses forelimb specification (110). Suppression of specification or differentiation of the 

forelimb field allows the heart field to expand posteriorly. The RA downstream target gene 

hoxb5b is expressed in the forelimb field territory, and upon morpholino knockdown of this 

gene, atrial progenitors expand into the forelimb field, indicating that hoxb5b regulates an 

unknown signal that limits atrial progenitor expansion (130).

A network of transcription factors controls cardiomyocyte differentiation. As in amniotes, a 

combination of the GATA transcription factors Gata4, Gata5, and Gata6 regulates heart 

formation (40, 84, 88, 89, 122). faust mutants, which carry a mutation in gata5, show a 

variable decrease in cardiac progenitors, and gata5 overexpression is sufficient to produce 

ectopic beating tissue (88, 89). The variability of the faust cardiac phenotype may suggest 

that other GATA factors are compensating for the loss of Gata5 function. In support of this 

hypothesis, combinatorial morpholino-mediated knockdown of gata5 and gata6 results in a 

complete absence of nkx2.5 positive cardiac progenitors (40, 84). Analysis of null alleles of 

these genes is needed to confirm this result. Recent work suggests that GATA factors work 

with the Brg1 associated factor (BAF) chromatin remodeling complex to promote cardiac 

specification (65, 116), and overexpression of gata5 and the BAF component smarcd3b 
dramatically increases cardiac progenitor specification cell-autonomously (65). Intriguingly, 

these two factors also cell-autonomously drive overexpressing cells to migrate to the 

cardiogenic regions of the ALPM, even from neurogenic regions, and dramatically increase 

cardiac incorporation in transplant experiments. This finding opens up a number of 

interesting questions about the identity and mode of action of the downstream factors that 

drive this induced migratory behavior and what they can tell us about heart development.

Another major player in cardiac specification is the transcription factor Hand2. It is 

expressed in all myocardial progenitors, more highly in ventricular progenitors, and 

functions to increase their number (101, 134). Hand2 is also necessary for maintenance of 

the expression of tbx5, a T-box transcription factor gene mutated in Holt-Oram syndrome 

and necessary for heart and pectoral fin development in fish (33, 134). nkx2.5 expression is 

not abolished in hand2 mutants, but rather a population of nkx2.5-positive, myl7-negative 
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cells can be found adjacent to the population of nkx2.5-positive, myl7-positive cells, 

suggesting that hand2 is also necessary for the differentiation of nkx2.5-expressing cells 

(101). Morpholino knockdown experiments suggest that Nkx2.5 itself is not critical for 

progenitor specification within the ALPM but that instead it plays a redundant role with the 

closely related transcription factor Nkx2.7 to promote heart tube extension (117, 123). 

Nkx2.5 and Nkx2.7 seem to regulate the size of the two chambers, as combinatorial 

knockdown of both genes increases the number of atrial cardiomyocytes during heart tube 

stages while diminishing the number of ventricular cells produced by 52 hpf. Genetic 

analysis of these and other transcription factors as well as their downstream targets will be 

necessary to understand how the underlying gene regulatory network drives cardiomyocyte 

specification and differentiation.

MIDLINE MIGRATION

As they differentiate, the bilateral populations of myocardial precursors, sandwiched 

between the overlying anterior endoderm and underlying yolk syncytial layer (YSL), 

migrate toward the embryonic midline. The populations make contact with each other by 18 

hpf, first posteriorly, then anteriorly. They then merge, forming a shallow cone with 

ventricular precursors at its dorsal apex (Figure 1b) (113). A number of mutations have been 

identified that perturb this process, leading to cardia bifida, where two hearts form in lateral 

positions. Mutants with defects in endoderm formation display cardia bifida, revealing that 

the endoderm plays a critical role in cardiac migration (1, 35, 56, 88). Although this role for 

the endoderm was shown more than a decade ago, the underlying mechanisms remain 

unknown. Another series of mutants have revealed a role for sphingolipid signaling in 

midline migration. The miles apart (mil ) mutant displays cardia bifida and is caused by 

mutations in the sphingosine-1-phosphate (S1P) receptor gene s1p2 (60). mil/s1p2 appears 

to act cell-nonautonomously in midline migration of the cardiac precursors and probably 

acts within the endoderm, as complete replacement of the anterior endoderm of mil mutants 

with wild-type endoderm can rescue the phenotype (78). Meanwhile, mutations in spinster 
homolog 2 (spns2), a gene of previously unknown function, cause phenotypes similar to 

those in mil/s1p2 mutants (51, 78). Biochemical studies revealed that Spns2 can function as 

an S1P transporter (51). Targeted injection of spns2 morpholinos into the YSL causes cardia 

bifida (78), and injection of wild-type spns2 RNA within the YSL rescues the mutant 

phenotype, suggesting that spns2 functions in the YSL and most likely provides a source of 

S1P during midline migration (51). Despite these advances, the precise role of S1P in 

midline migration remains elusive.

One way the endoderm and YSL may be regulating midline migration is through the 

extracellular matrix (ECM). Fibronectin, an important ECM protein also required for mouse 

heart development (34), surrounds myocardial precursors during midline migration, and the 

natter (nat) mutation in fibronectin causes cardia bifida (121). Recently, both the YSL and 

the myocardial precursors themselves have been implicated in regulating fibronectin 

deposition. Disruption of the transcription factor Mtx1 specifically in the YSL using targeted 

morpholino injections leads to cardia bifida accompanied by a profound reduction in 

fibronectin expression (5, 97). Additionally, disruption of the proteoglycan gene syndecan 2 
(sdc2) in the YSL causes cardia bifida associated with normal expression of fibronectin, but 
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undetectable fibronectin fibrillogenesis (5). Interestingly, this phenotype can be rescued by 

injection of sdc2 RNA into the YSL but not into the whole embryo, suggesting that sdc2 in 

the YSL is necessary to provide a substrate for fibronectin fibrillogenesis in the embryo. 

Finally, the myocardial precursors themselves were recently found to regulate fibronectin 

deposition. hand2 mutants have reduced numbers of myocardial precursors and a defect in 

midline migration (134). Transplant experiments show that the defect in precursor 

production is cell-autonomous, but that the defect in midline migration is cell 

nonautonomous (32). Interestingly, hand2 mutants show increased levels of fibronectin, and 

the hand2 midline migration defect can be ameliorated by heterozygosity of the nat/fn1tl43c 

allele. These data suggest that expression of hand2 within cells of the ALPM, possibly 

within the myocardial precursors themselves, limits excessive fibronectin deposition that 

itself can prevent midline migration. These studies suggest that a precise level of ECM 

components is necessary for midline migration but do not reveal precisely how fibronectin 

influences cell behavior, a fundamental question zebrafish studies should help resolve.

Close examination of fibronectin mutants suggest that ECM components may be acting 

through regulation of myocardial epithelial organization. During their migration to the 

midline, myocardial precursors maintain a polarized epithelial organization (121). 

fibronectin mutants exhibit defects in the organization and polarization of this epithelium, 

with some cells even losing coherence with the rest of the monolayer and migrating 

separately. Although this phenotype suggests that epithelial organization is necessary for 

midline migration, cardiomyocytes in embryos homozygous for mutations in genes that 

regulate epithelial polarity eventually do migrate to the midline (42, 47, 75, 77, 85, 131). 

The possibility remains that maternal contribution of these epithelial polarity proteins is 

sufficient to support midline migration. The analysis of maternal zygotic (MZ) epithelial 

polarity mutants would be necessary to resolve whether maternal polarity factors are 

required for midline migration, as one might expect.

ENDOCARDIAL MIGRATION

In order to form a functional heart, the endocardium must also incorporate into the 

developing organ. While the myocardium is migrating towards the midline, endocardial 

precursors, located more anteriorly in the ALPM (Figure 1a) (101), stream medially and 

posteriorly, where they proceed to coat the interior of the forming heart cone (Figure 1b) 

(15). This process requires the basic helix-loop-helix (bHLH) transcription factor Scl/Tal1. 

A truncating mutation removing the bHLH domain leads to the defective posterior migration 

of the endocardial precursors, which in turn delays the anterior merging of the bilateral 

myocardial populations, resulting in a delay in cardiac cone formation and the clustering of 

endocardial cells at the arterial pole, leading to a nonfunctional heart. Recent work has also 

shown that endocardial migration requires Vegf signaling, which is regulated in a complex, 

dose-dependent manner by Slit2 signaling through the Robo1 receptor (29). The level of 

Slit2/Robo1 signaling is in turn tuned by the microRNA mir-218, which lies within an intron 

of slit2 and targets Robo receptors. Much work remains to be done to determine how these 

and other as yet unidentified factors direct endocardial midline migration as well as to 

understand how this process occurs in amniotes.
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Recent data suggest that myocardial factors also play a role in endocardial midline 

migration. MZ mutants of tmem2, which encodes a transmembrane protein of unknown 

function, exhibit midline migration defects of both the endocardium and myocardium (120). 

Interestingly, transgenic reexpression of tmem2 in the myocardium of these animals rescues 

both myocardial and endocardial midline migration, whereas reexpression in the 

endocardium alone rescues neither, illustrating how myocardial factors are necessary for 

endocardial midline migration.

Reciprocally, the endocardium may also play a role in fine-tuning the migration of 

myocardial precursors. Myocardial precursor movements during midline migration can be 

separated into two types: a linear midline migration and a curved movement that closes the 

cardiac cone (41). In the absence of endocardium in clo mutants, this second movement does 

not occur, leading to a dysmorphic cardiac cone. Interestingly, in mil/s1p2 cardia bifida 

mutants, this second curving movement still occurs in the absence of midline migration. 

Removing the endocardium from this background by creating mil;clo double mutants 

abrogates this curving movement, further suggesting that the endocardium regulates this 

process. The signals that direct this curving movement remain to be elucidated. In addition, 

the isolation and further analysis of the clo gene will be necessary to confirm this model. 

Myocardial-endocardial interactions are a constant theme during heart formation and 

function and will remain a rich avenue of investigation.

HEART-TUBE ASSEMBLY

After endocardial and myocardial precursors come together to form the cardiac cone, they 

migrate asymmetrically to form the linear heart tube (Figure 1c). Although cardiac 

precursors migrate to the midline in epithelial polarity mutants, has/prkci mutant embryos 

fail to assemble a linear heart tube (42, 85), and detailed analysis of embryos injected with 

morpholinos targeting either has/prkci or nok/mpp5a showed that knockdown of these genes 

causes defects in the formation and tilting of the cardiac cone and heart-tube elongation (91). 

Time-lapse imaging has shown that myocardial cells undergo an asymmetric involution to 

transition from a cone to a linear tube, whereby cells on the right side of the cone move 

ventrally and medially (92, 107). The direction of this involution is controlled by global left/

right signaling pathways. In order to accomplish this rearrangement, the cardiomyocytes 

must migrate as a cohesive epithelial sheet, and disruption of this epithelium in has and nok 
morphants leads to uncoordinated, nondirected migration and failure to create the heart tube 

(92). This migration also requires the action of hyaluronan synthase, which is expressed in 

the migrating myocardium and produces the ECM molecule hyaluronic acid (107). Thus, 

epithelial coherence and polarity, as well as the ECM, are necessary to create the linear heart 

tube, a complex process which undoubtedly requires many more regulators.

LOOPING AND BALLOONING

After its initial formation at 24 hpf, the heart tube gradually extends and undergoes a series 

of morphogenetic changes leading to the emergence of an anterior, right-sided ventricle and 

a more posterior, left-sided atrium separated by a constricted region called the 

atrioventricular canal (AVC). In order to form this asymmetrically positioned heart, the 
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cardiomyocytes undergo a number of asymmetric movements, eventually culminating in the 

rightward looping of the heart tube. Possible cellular mechanisms underlying these 

asymmetric movements have been reviewed elsewhere (9, 10). As the heart loops, the 

chambers form as bulges in the heart tube in a process called ballooning. This bulging 

creates two distinct surfaces within the chambers: the concave inner curvature (IC) and the 

convex outer curvature (OC) (Figure 1d). In the ventricle, this morphogenetic change is 

accomplished by differential shape changes within the IC and the OC (6, 25). Measurements 

of individual cell shapes reveal that, although the surface area of both IC and OC cells 

increase relative to cells in the linear heart tube, OC cells, but not IC cells, increase in 

length, measured by a decrease in circularity. Failure of these cells to elongate leads to a 

smaller, rounder ventricle.

These shape changes seem to depend on cardiac function. In the weak atrium (wea/myh6) 

mutant, which lacks atrial contraction because of defects in atrial sarcomere formation, 

ventricular cells fail to increase their surface area and fail to elongate (6). Transplantation of 

wea mutant cells into wild-type embryos revealed that this effect is cell nonautonomous, as 

wea mutant ventricular cardiomyocytes within otherwise wild-type hearts elongate normally. 

In contrast, half-hearted (haf/vmhc) mutants, which fail to form sarcomeres in the ventricle, 

develop enlarged ventricles, with individual cells increasing their surface area and 

elongating more than in wild type. This effect is eliminated in wea;haf double mutants, as 

well as in silent heart (sih) mutants, which lack sarcomeres in both chambers because of a 

mutation in cardiac troponin T2a (tnnt2a) (6, 106). Taken together, these data suggest that 

sensing fluid flow and/or myocardial stretch increases myocardial surface area and causes 

OC-cell elongation, and ventricular contractility modulates the extent of these shape 

changes.

In addition to contraction forces, electrical conduction also appears to be required for OC 

morphogenesis. The dococ (dco) mutant exhibits uncoordinated conduction and contraction 

within the ventricle, caused by a mutation in the connexin gene gap junction protein alpha 3 
(gja3) (20). This mutation also causes defects in heart morphogenesis, namely a lack of 

constriction of the AVC and a smaller, rounder ventricle. These defects are not secondary to 

disrupted flow, as sih;dco double mutant OC cells are significantly less elongated than sih 
mutant OC cells even though the beat is completely disrupted in both settings. A similar 

flow-independent defect in elongation was also observed in sih;dco double mutant AV 

myocardial cells. This study provides the first example of conduction affecting 

cardiomyocyte morphogenesis independent of contractility. Although still in its early stages, 

zebrafish research on structure/function relationships in the ballooning myocardium offers a 

powerful and highly relevant in vivo view of how forces and electrical signals shape cardiac 

morphogenesis.

PROLIFERATION AND GROWTH

In addition to undergoing morphogenetic movements, the developing heart must also 

increase its myocardial mass. This increase can happen through addition of differentiating 

cells from outside the forming heart or by proliferation of existing cardiomyocytes. During 

heart-tube stages, the main mode of cardiac growth is through differentiation rather than 
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proliferation. Populations of cells at the arterial and venous poles contribute to myocardial 

growth by late addition of cells at both ends (24, 37, 62, 139). The population contributing to 

the arterial pole shares many characteristics with the secondary heart field (SHF) seen in 

amniotes. These cells are marked by the expression of latent TGF-β binding protein 3 
(ltbp3), and contribute to myocardial and endothelial cells as well as smooth muscle cells of 

the outflow tract. The process of cardiac expansion by these cells requires Fgf (24), TGF-β 
(139), Bmp, and Hh signaling (37). Interestingly, although islet-1, a transcription factor gene 

important in the SHF in mouse, can be detected in some cells that contribute to the arterial 

pole up through 48 hpf, its mutation does not disrupt late addition to the arterial pole but 

does disrupt late addition to the venous pole. SHF development is a very active area of 

investigation in amniotes, and it will be interesting to see whether zebrafish studies will 

contribute novel concepts to this field.

After 48 hpf, cardiomyocyte proliferation progressively increases (64). Mutant studies have 

revealed some of the molecular determinants of cardiomyocyte proliferation in zebrafish. A 

mutation in a gene encoding a subunit of the cardiac L-type calcium channel results in a 

silent ventricle with greatly reduced numbers of cardiomyocytes at 72 hpf despite normal 

expression patterns of myofibrillar components and cardiac transcription factor genes up to 

48 hpf (93). This effect implicates calcium signaling and/or cardiac function in the control of 

late increases in cardiomyocyte number. Embryos harboring a mutation in erbb2, which 

encodes a tyrosine kinase receptor of the epidermal growth factor receptor (EGFR) family, 

exhibit a complete lack of myocardial proliferation between 3–5 days post-fertilization (dpf) 

even though heart function appears unaffected (64). In contrast, an activating mutation in the 

gene encoding the DNA-stimulated ATPase Reptin in the liebeskummer (lik) mutant results 

in a dramatic cell-autonomous increase in ventricular cardiomyocyte proliferation between 

48 and 72 hpf, and this increase can be pheno-copied by morpholino-mediated knockdown 

of Pontin, another DNA-stimulated ATPase that is known to be a Reptin antagonist in other 

contexts (95). The ability to manipulate and visualize single cardiomyocytes should make 

the zebrafish particularly well suited to gaining a better understanding of the mechanisms 

that control cardiomyocyte proliferation in vivo.

A complex of endocardial proteins plays a role in regulating the overall size of the heart, 

seemingly independent of proliferation (66, 67). The zebrafish mutants heart of glass (heg), 

santa (san), and valentine (vtn) share a similar phenotype, namely a lack of circulation at 

28–30 hpf and an enlarged, thin-walled heart by 48 hpf. san and vtn encode Krit (Ccm1) and 

Ccm2, respectively, proteins previously associated with familial cerebral cavernous 

malformations (CCMs) in humans (61), and heg encodes a previously unidentified large 

transmembrane protein expressed in the endocardium (67). Combinatorial injection of low 

doses of morpholinos targeting san, vtn, and heg recapitulate the enlarged heart phenotype, 

suggesting that heg acts within the same pathway as san and vtn (66), and recently Ccm1, 

Ccm2, and Heg were shown to form a complex in vitro, further suggesting that Heg serves 

as a novel member of the Ccm pathway (57). A third member of this complex, Ccm3, has 

been reported to cause a similar cardiac phenotype as in san, val, and heg mutants (127, 

138), but more recent work has challenged those findings, indicating that morpholinos 

targeting Ccm3 disrupt cardiac morphology but do not result in grossly dilated hearts (135). 

Genetic loss-of-function studies are needed to resolve this discrepancy. Importantly, 
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comparison of sih single mutants to heg;sih double mutants reveals that heg;sih hearts are 

enlarged relative to sih hearts, indicating that the enlarged heart phenotype is not secondary 

to the lack of flow or dependent on contractility, at least in heg mutants. The number of 

endocardial and myocardial cells appeared to be unaffected in heg mutants at 72 hpf and in 

48 hpf embryos injected with morpholinos targeting san/krit1 or vtn/ccm2. Thus, some other 

mechanism must explain the enlarged hearts. It was initially suggested that wild-type hearts 

underwent concentric growth to create a multilayered myocardium, and that these mutants 

arranged the same number of cells in a monolayer, resulting in an enlarged heart. In support 

of this proposal, fixed sections through wild-type hearts at 72 hpf appeared to have a 

multilayered myocardium, and mutant hearts appeared to remain single layered. However, 

embryonic heart morphology is not well maintained in fixed tissues, and recent confocal 

studies on live embryos have revealed that the wild-type myocardium is single layered until 

the start of trabeculation around 60 hpf, well after the large-heart phenotype emerges (4, 6, 

83). Many questions remain regarding the etiology of CCMs, and continued studies in 

zebrafish should help address them.

FORMATION OF INTERNAL CARDIAC STRUCTURES

In order to function properly, the heart must form a number of internal structures. In the next 

section, we focus on two of these structures: the AV valve and the electrical conduction 

system. For the purposes of this review, two other important structures, the epicardium and 

coronary vessels, are not discussed, as they have been recently reviewed elsewhere (9).

Atrioventricular Canal and Valve Development

The valve structures in the AVC are crucial for maintaining unidirectional blood flow in the 

heart. The first sign of AVC differentiation occurs at 37 hpf, when a constriction between the 

forming atrium and ventricle forms, and bmp4 and versican, previously expressed in the 

whole heart tube, become restricted to the forming AVC myocardium (12, 128). Similarly, 

notch1b, expressed in the entire ventricular endocardium at 36 hpf, becomes restricted to the 

AVC endocardium by 45 hpf. By 48 hpf the endocardial ring, a noticeable thickening of the 

AVC endocardium, has formed and the AVC prevents retrograde blood flow to some extent. 

The AVC becomes progressively more efficient at blocking retrograde flow over 

developmental time, completely blocking retrograde flow by 72 hpf (99). Analysis of valve 

formation has been complicated by dramatic changes to the morphology of the valve upon 

fixation. Care must be taken in analyzing cellular architecture in fixed preparations. On a 

cellular level, the first noticeable event is the emergence at the AV boundary of cuboidal 

endocardial cells that express the cell adhesion molecule Alcama. By 55 hpf, a single layer 

of polarized cuboidal endocardial cells that stain strongly for Alcama has emerged at both 

the superior and inferior portions of the AVC. By 60 hpf, endocardial cells in the superior 

AVC send projections into the ECM between the AVC endocardium and myocardium. Cells 

in the inferior aspect do the same at 80 hpf. By 76 hpf, live imaging reveals a primitive valve 

leaflet two cells thick on the superior aspect of the AVC, which becomes readily apparent by 

85 hpf (99). The inferior valve leaflet becomes apparent by 102 hpf. The cells in the two 

layers of the valve leaflets assume different morphologies, with those in the layer closest to 

the AVC remaining cuboidal and those in the layer closest to the myocardium assuming a 
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rounded shape. Importantly, live imaging suggests that, unlike in amniotes, this leaflet 

appears to form without a complete endothelial-mesenchymal transition (EMT), but rather 

through a direct invagination of AVC endocardial cells (Figure 2). By 7 dpf, the two leaflets 

are clearly formed and are connected to the myocardial trabeculae.

A number of signaling pathways have been implicated in AVC development in zebrafish, 

many of which show parallel functions in amniotes. Detailed analyses have revealed the 

function of many of these pathways both at a cellular and molecular level. Notch signaling, 

known to be important for promoting EMT in mouse endocardium (119), seems to play 

multiple roles in zebrafish AVC development. First, inhibition of Notch signaling starting at 

24 hpf results in the appearance at 60 hpf of ectopic cuboidal, Alcama-positive endocardial 

cells in the ventricle, and constitutive activation of Notch signaling in the endocardium 

eliminates the differentiation of cuboidal endocardial cells in the valve, suggesting that 

Notch activity restricts AVC differentiation in the ventricle (12). Second, inhibition of Notch 

signaling starting at 36 hpf results in a disorganized AVC endocardium with reduced Alcama 

expression, suggesting a later role in maintaining AVC identity. Calcineurin signaling has 

also been implicated in two stages in mouse AVC development, first for endocardial EMT 

and then for remodeling (17). In fish, inhibition of calcineurin from the one-cell stage blocks 

AVC differentiation, and inhibition starting at 48 hpf causes a disorganized AVC 

endocardium (12). Combining inhibitor treatments with live imaging approaches allows for 

the identification of how different signaling pathways contribute to valve function. Inhibition 

of ErbB/Neuregulin, TGF-β, or prostaglandin signaling results in different degrees of 

retrograde flow at 72 hpf, occurring through three different mechanisms (99). ErbB 

inhibition interferes with valve geometry, leading to an open valve during atrial relaxation, 

TGF-β inhibition creates incompressible valve cells that do not seal the AVC, and inhibition 

of prostaglandin signaling changes myocardial structures, shifting the superior valve surface 

and preventing it from maintaining a seal. These functional readouts provide a new level of 

detail on how different signaling pathways contribute to valve formation.

Several mutants have revealed other signaling pathways involved in valvulogenesis. In wild-

type animals, Wnt activity can be strongly detected in the developing valve at 72 hpf (46). 

This activation is associated with proliferation of the valvular endocardium. Constitutive 

activation of the Wnt pathway by mutations in apc leads to increased proliferation 

throughout the endocardium and diffuse expression of AVC markers, such as notch1b, 

bmp4, versican, and has2. Interestingly, global inhibition of Wnt signaling by dkk1 RNA 

injection can also cause a failure of AVC differentiation with regurgitation of blood from 

ventricle to atrium, suggesting that precise spatiotemporal control of Wnt signaling is 

necessary for valve formation. bungee mutants fail to form a valve and show a redistribution 

of notch1b expression throughout the ventricular endocardium as well as a lack of spp1 
staining, which normally marks endocardial cells undergoing EMT (49). The mutation was 

mapped to the protein kinase D2 ( pkd2) locus and inhibits kinase activity. Unlike the wild-

type version, this mutant Pkd2 cannot phosphorylate and prevent the nuclear localization of 

histone deacetylase 5 (HDAC5) in vitro, and morpholinos against Hdac5 partially rescued 

the bungee valve phenotype. Interestingly, HDAC5 is known to repress klf2a, which has 

previously been shown to be important for zebrafish valve development (125), suggesting 
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that a Pkd2/Hdac5/Klf signaling axis may be important for zebrafish valve development. It 

remains to be determined what pathways activate Pkd2 in the valvular endocardium.

Another series of mutants recently revealed a role for the transmembrane protein Tmem2 in 

valvulogenesis (109, 120). Embryos harboring mutations in this gene exhibit expanded AV 

marker expression into the ventricular endocardium. Rescue experiments suggest both cell-

autonomous and cell nonautonomous roles for Tmem2 in the endocardium, as aberrant 

Alcama expression can be rescued by reexpression of Tmem2 in endocardial cells (120) and 

by morpholino knockdown of bmp4, which is expressed in the myocardium (109). As this 

protein is biochemically uncharacterized, it represents an exciting avenue for future research.

ECM proteins also play a role in AVC differentiation. As mentioned previously, two of the 

best markers for AVC differentiation are the ECM genes cspg2 (versican) and hyaluronan 
synthase 2 (has2), which become restricted to the AVC endocardium by 48 hpf (46, 128). 

One of the earliest zebrafish heart mutants cloned was jekyll, which shows toggling of blood 

between the two heart chambers. The jekyll mutation affects the UDP-glucose 

dehydrogenase (ugdh) gene, which encodes a critical enzyme in the synthesis of hyaluronic 

acid, heparan sulfate, and chondroitin sulfate glycosaminoglycans. Additionally, a recent 

morpholino study implicated nephronectin, an ECM protein previously uncharacterized in 

heart development, as acting through Bmp signaling and has2 production to ensure proper 

AVC differentiation (82). It is currently unknown exactly how these ECM proteins influence 

valve formation, but it will be interesting to study how they interact with and influence 

molecular and mechanical signals necessary for valve development.

One of the most interesting observations in AVC development has been that fluid forces play 

a role in valve formation. Mutants defective in cardiac contraction exhibit impaired valve 

formation: For example, AVC endocardial cells in sih/tnnt2a mutants fail to undergo 

cuboidal morphogenesis and do not express Alcama (11, 12). Furthermore, chemical 

inhibition of contraction results in a dose-dependent decrease in endocardial ring formation. 

This failure of differentiation is most likely due to lack of fluid flow, as physical occlusion 

of either the inflow or outflow tracts with 50 μm glass beads inserted at 37 hpf resulted in a 

failure of valve formation, along with failure of looping and multiple other cardiac defects 

(43). Recently, high-speed observations of blood flow have allowed for measurement of wall 

shear stress (WSS) in live 48 hpf zebrafish embryos over the course of each heart beat (125). 

Manipulations that changed flow patterns, ranging from genetic manipulation of cardiac 

contractility to morpholino-based manipulation of blood viscosity, revealed the importance 

of retrograde flow at early stages of valve formation for the completion of this process. 

Increases in valve defects correlated with a significant reduction in the expression of the 

known oscillatory flow-sensitive gene klf2a and knockdown of klf2a, although not changing 

retrograde flow, led to failed valve formation and a decrease in valve marker expression. 

Although separating the role of oscillatory flow from other flow parameters is difficult, these 

data suggest that Klf2a activity downstream of oscillatory flow plays a role in valve 

formation. More studies are necessary to identify the molecular pathway upstream of klf2a 
responsible for sensing fluid forces, as well as the effector genes downstream of Klf2a. 

Because it can survive dramatic changes in blood flow, the zebrafish constitutes a powerful 

system for understanding the interactions between these myriad players in valve 
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development. Furthermore, although zebrafish cardiac valves are structurally smaller and 

simpler than those in amniotes, it has become clear that the mechanisms underlying their 

formation are highly conserved. Thus, the zebrafish should continue to provide a fertile 

ground of research to address the formation of the cardiac valves, which are often affected in 

congenital heart disease.

Conduction System

In order to generate a coordinated beat, the heart relies on a specialized network of 

cardiomyocytes termed the cardiac conduction system (CCS). In vertebrates, the electrical 

signal initiates in the sinoatrial (SA) node and travels through the atrium/atria until it reaches 

specialized tissue called the AV node, where it slows dramatically. It then enters the 

ventricular fast conduction system, which rapidly conducts the signal to the apex of the heart 

and then spreads from the apex to the rest of the ventricle (30). As a result, this conduction 

pattern allows the apex-to-base contraction necessary to eject blood from the ventricle. Such 

a conduction path has been observed in both larval and adult zebrafish (22, 44, 105). 

Interestingly, many of the electrical properties of the zebrafish heart resemble those of the 

human heart (59, 71, 105, 137). Recently, the physiological development of the CCS in 

zebrafish has been traced using calcium-sensitive dyes, as well as a transgenic line that 

expresses a genetically encoded calcium-sensitive fluorescent protein (22, 71). Coordinated, 

regular conduction develops as soon as the heart starts beating at 24 hpf, indicating the 

presence of pacemaker tissue. However, AV conduction delay between the forming 

chambers is not observed until 40 hpf (71). By 48 hpf, both calcium imaging and patch 

clamp experiments confirm that atrial, ventricular, and AV myocardial cells have developed 

distinct electrical properties. Additionally, functional experiments using optogenetics have 

revealed that pacemaker activity starts out diffusely localized to the venous pole but 

becomes restricted to a small area on the dorsal right quadrant of the SA ring by 3 dpf (4). 

This gradual right-sided restriction is consistent with previous mapping in developing chick 

hearts (50).

Maturation of ventricular conduction patterns begins at 72 hpf, when high-speed imaging of 

membrane potentials reveals that the conduction velocity in the outer curvature becomes 

markedly faster than that seen in the inner curvature (80). Also around this time, myocardial 

sheets known as trabeculae begin to form in the developing ventricle (64, 83). In other 

species, the fast conduction system is thought to form initially within these trabeculae (90, 

104). In the zebrafish, by 96 hpf conduction waves clearly pass from the AVC to the 

trabeculae before entering the rest of the ventricular myocardium (22). By 21 dpf, apex-to-

base conduction is evident. In the adult, the electrical impulse passes from the AVC into the 

trabecular network at two clearly defined points, propagates to the apex, and then travels to 

the base of the heart (105). Severing the two connection points results in complete AV block. 

Thus, the trabeculae appear to serve as the fast conduction system in embryonic and adult 

zebrafish.

Only recently have studies begun to provide insight into the molecular mechanisms 

underlying the development of the different components of the CCS. The initial difference in 

conduction velocity observed between the inner and outer curvatures appears to be 
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dependent on Wnt11 signaling, which may act at least in part by inhibiting L-type calcium 

channels, thereby decreasing calcium conductance (80). The conduction properties of the 

AV canal, meanwhile, are dependent on a network of transcription factors. Foxn4 in AVC 

myocytes directly activates tbx2b in cooperation with Tbx5, resulting in AVC differentiation 

(21). Additionally, in a recent forward genetic screen, a mutant in tcf2 was identified that 

lacks AV delay (22). Signals from the endocardium are also likely important for AV 

conduction tissue development, as clo mutants fail to develop an AV conduction delay (71). 

In support of this idea, neuregulin and notch1b are both expressed in the AV endocardium, 

and morpholino knockdown of either of these genes inhibits AV delay. Trabecular formation 

is also dependent on the presence of the endocardium and requires signaling through the 

neuregulin coreceptor ErbB2 cell-autonomously within the myocardium, demonstrating that 

some ventricular conduction components rely on the same signals as the AVC myocardium 

(64, 83). Interestingly, different components of the conduction system respond differently to 

cardiac function. sih/tnnt2a mutants completely lack trabeculae and amhc mutants show a 

variable decrease in trabecular formation (22, 83), whereas neither AV conduction (22, 71) 

nor the OC/IC conduction ratio (80) are affected in contractile mutants. Although a clear 

demonstration of Purkinje-like cells in the zebrafish heart remains a major quest, the data so 

far point to the existence of a specialized conduction system. Given the importance of this 

tissue in heart function and our limited understanding of its formation, one should approach 

it using a variety of model systems.

CARDIAC PHYSIOLOGY

Establishment and Maintenance of Cardiac Contractility

In order to pump blood effectively, the heart must not only form the correct morphology, but 

must also form contractile sarcomeres and regulate their contractility. Because the zebrafish 

can develop in the first week without a functional heart, it is an excellent in vivo model for 

studying proteins involved in sarcomerogenesis and cardiac contractility. Large-scale genetic 

screens have identified many mutations that cause defects in sarcomere assembly and 

contractility. These have included some mutations that completely disrupt sarcomere 

assembly in one or both chambers, including mutations in sarcomeric genes (titin, myl7, 
tnnt2, vmhc, amhc) (6, 14, 96, 106, 132). These screens have also identified mutants with 

impaired contractility but intact sarcomeres, which have illuminated new mechanisms for 

maintaining cardiac contractility. A truncating mutation in the essential cardiac myosin light 

chain gene (cmlc1) surprisingly does not affect sarcomeres (70), which is in stark contrast to 

the absence of sarcomeres observed in a morpholino knockdown of the same gene (19, 70). 

Examination of the carboxyl terminus of Cmlc1 deleted in the mutant led to the 

identification of a highly conserved serine residue that might constitute a previously 

unknown posttranslational modification site. Myocyte-specific expression of wild-type 

cmlc1 rescues myocyte contractility in the mutant, whereas a version in which this serine 

amino acid is mutated to an alanine cannot. Although the precise role of this serine is 

unknown, this mutant reveals a novel sarcomeric modification site that contributes to 

contractility.
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Two mutants in combination helped to shed light on how cardiomyocytes sense stretch. 

First, a nonsense mutation in phospholipase C γ1 ( plcγ1) leads to progressive loss of 

ventricular contractility starting at 48 hpf, leading to a silent ventricle by 60 hpf (94). 

Sarcomeric structure remains normal in these mutants. Further analysis indicates that 

PLCγ1 functions downstream of Vegf signaling through the receptor Flt-1 to increase 

calcium transients in cardiomyocytes, leading to increased contractility. Second, main 
squeeze (msq) mutants, which carry a mutation in the integrin-linked kinase (ilk) gene, 

exhibit a progressive loss of ventricular contractility with seemingly normal sarcomeric 

structure (13). Integrin-linked kinase (ILK) colocalizes with α-actinin at Z disks, but also 

binds β-parvin, which in turn binds integrins, providing a link between the ECM and the 

sarcomere. In keeping with this model, embryos carrying one copy of a separately isolated 

nonsense allele of ilk, termed lost contact (loc), are sensitized to morpholino knockdown of 

the ECM component laminin α 4, suggesting that ILK function may depend on integrin-

mediated interactions with laminins (58). The msq mutation decreases kinase activity and 

ILK’s affinity for β-parvin, and although expression of wild-type Ilk can rescue msq mutant 

embryos, mutants which lack either kinase activity or the ability to bind to β-parvin cannot. 

Additionally, msq mutants can be rescued by injection of RNA encoding activated, 

membrane-associated protein kinase B (PKB) or Vegf. Overall, analysis of these two 

mutants suggests a stretch response pathway in which ILK serves as a link between the 

costamere and the ECM through β-parvin and integrins. In this model, stretch along the 

costamere/ECM axis leads to ILK activation. Kinase activation in turn activates PKB, 

leading to expression of VEGF, which activates PLCγ1 downstream of Flt-1, increasing 

calcium transients, and thus increasing contractility upon increased stretch. Although this 

pathway needs further confirmation in other systems, it is an attractive model for how force 

sensing may connect to increased contractility and possibly contraction-dependent 

differentiation, as seen in the ventricular trabeculae.

HUMAN DISEASE

Insights into Human Disease

The zebrafish has emerged as a unique model for studying human disease. The combination 

of forward and reverse genetic techniques available in the zebrafish, coupled with the 

possibility of performing in vivo drug screens (8), allows a number of different approaches 

for dissecting human diseases. The similarity between the electrical properties of zebrafish 

and human hearts (105, 137) makes the fish particularly useful for modeling conduction 

defects. Mutations in the zebrafish homolog of the hERG potassium channel gene have led 

to models of short and long QT syndromes, which had been difficult to generate in murine 

systems, probably because of inherent differences in the channels used for conduction in 

mice and humans (3, 39). Meanwhile, morpholino technology has been used to model Barth 

syndrome (54), and dilated cardiomyopathy (126). The ease of manipulation of the zebrafish 

embryo can also facilitate identification of the function of human mutations. One study 

identified mutant forms of the BMP receptor ALK2 in patients with AV septal (AVS) 

defects. Injection of RNA for the mutant receptors into zebrafish embryos led to the 

discovery of a dominant-negative form of the receptor associated with AVS defects (108). 

The zebrafish can also be used to validate new human heart disease genes. A search through 
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publicly available microarray data identified nexilin as a gene of unknown function enriched 

in the heart (38). Nexilin was found to be a component of sarcomeric Z-disks, and 

morpholino-based inhibition led to enlarged ventricles and decreased fractional shortening 

reminiscent of dilated cardiomyopathy (DCM). Given the DCM phenotype of the nexilin 
knockdown, a cohort of DCM patients was sequenced, and three heterozygous mutations 

from nine patients were identified. RNA injection of the mutant forms of nexilin into 

zebrafish embryos confirmed that these mutations led to dominant negative forms of the 

protein that disrupted heart function, providing support for a causative role of these 

mutations in DCM. Finally, using the forward genetic potential of zebrafish can identify new 

genetic modifiers of heart disease. One study used an intriguing approach to screen for 

modulators of cardiac repolarization. Treating embryos with inhibitors of zERG causes a 2:1 

heart block. Treating embryos from a collection of mutant fish with zERG inhibitors and 

screening for enhancement or repression of the heart block phenotype led to the 

identification of a number of modifiers of repolarization (73). Cross-referencing the 

identified genes with human genome-wide association studies looking at altered cardiac 

repolarization revealed that one gene, GINS3, was in a region highly associated with human 

QT interval defects. These studies highlight the multiple advantages of the zebrafish system 

for examining human heart disease and pave the way for continued contributions from this 

model system.
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SUMMARY POINTS

1. Large-scale screening approaches available in zebrafish make it a powerful 

platform for uncovering novel mechanisms of human development and 

disease. With a large number of cardiac mutants already identified and 

analyzed, the zebrafish provides a unique genetic model for studying heart 

development.

2. Advances in imaging and transgenesis combined with the transparency of the 

zebrafish embryo and larvae allow for analysis of cellular behaviors during 

heart formation. These tools have already allowed for thorough analyses of 

cell migration during heart tube formation. Further advances promise to 

elucidate cellular behaviors within the beating heart.

3. Mechanical forces and electrical signals contribute substantially to heart 

development and morphogenesis. These factors influence the formation of the 

trabeculae and the atrioventricular valve as well as other key cardiac 

structures essential for a fully functional heart. Because zebrafish embryos 

and larvae do not require a heartbeat for their survival, they serve as a 

powerful model for studying the contribution of mechanical and electrical 

influences on cardiac development.
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Figure 1. 
Overview of zebrafish heart development. (a–c) Heart development before looping. Embryos 

are shown in a dorsal view. (a) At 12 hours post-fertilization (hpf) (15 somites), myocardial 

progenitors are found in the anterior lateral plate mesoderm (ALPM), with ventricular 

progenitors more medial than atrial progenitors. Endocardial progenitors lie anterior in the 

ALPM. (b) Myocardial and endocardial progenitors migrate to the midline and fuse by 19 

hpf (20 somites) to create the cardiac cone. (c) Through a process of involution, the 

myocardium rearranges to surround the endocardium and form the linear heart tube by 24 

hpf. (d–e) Later heart development. Heart sections are shown from a ventral view. (d ) By 48 

hpf, the heart has looped to form a right-sided ventricle and left-sided atrium. Distinct outer 

and inner curvatures can be distinguished, and the outer curvature (OC) of the ventricle has 

started to balloon. The atrioventricular (AV) myocardium has functionally differentiated to 

introduce a conduction delay, and pacemaker activity has become restricted to the sinoatrial 

(SA) ring. The proepicardial organ has coalesced near the AV canal. (e) By 120 hpf, the OC 

of the ventricle has more fully ballooned, and trabecular ridges have started to appear. The 

AV valve leaflets are well formed and prevent retrograde flow. The epicardium has expanded 

over the entire exterior surface of the myocardium. The SA nodal tissue is most often 

restricted to a few cells on the right side of the atrium several cell diameters away from the 

SA ring.
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Figure 2. 
Zebrafish valve development. (a) By 55 hpf, the atrioventricular (AV) endocardium forms a 

thick monolayer. (b) By 60 hpf, the endocardial layer shows signs of involution. (c) By 72 

hpf, a superior leaflet has formed through the involution of a few distinct AV endocardial 

cells. (d ) By 96 hpf, both superior and inferior leaflets have formed. (e) Retrograde flow of 

blood cells observed over developmental time. By 72 hpf, retrograde flow has essentially 

ceased. Modified from 107.
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