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Abstract 

 The formation of the heart is a critical part of development that, if defective, can 

lead to congenital malformations incompatible with life. An improved understanding of 

the cellular and molecular processes that build the heart is essential to elucidate the causes 

of congenital defects and to design appropriate therapies. Relatively little is known about 

how the cardiac chambers adopt distinct forms to follow their specialized functions. Here, 

I have used a multicolor genetic labeling system to trace the progeny of zebrafish atrial 

cardiomyocytes as they expand to form the mature atrial myocardium. By comparing the 

observed cellular dynamics to those previously mapped in the ventricle, I identified 

characteristics of chamber development, including wall thickening, wall composition, and 

internal muscle formation, that contribute to the structural divergence of the chambers. 

As coronary vessel formation is one such chamber-specific morphogenetic process, I then 

explored the effect of a chamber-specific growth factor on cardiac development and 

homeostasis. Using a transgenic reporter and an inducible overexpression tools, I found 

ectopic expression of this growth factor stimulates cardiomyocyte proliferation. However, 

overexpression also blocks regeneration, possibly due to the abolition of an endogenous 

gradient localized to the site of injury. These findings not only provide new details for 

how the cardiac chambers form, but also demonstrate how understanding developmental 

phenomena can provide insights into important concepts of regenerative medicine.  
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1. Introduction  

This introduction is adapted and expanded in part from “Building and re-building 

the heart by cardiomyocyte proliferation”(Foglia and Poss, 2016), a review published in 

Development. 

 

1.1 Congenital heart disease 

Congenital heart disease (CHD) encompasses a vast array of structural 

malformations that arise from failure of embryonic heart development to progress 

normally. CHD affects 8 out of every 1000 live births in the United States and likely 

contributes to a substantial fraction of fetal deaths in utero (Hoffman, 1995). Improvements 

in prenatal diagnosis and postnatal treatments are improving survival in infants born with 

CHD; however, this had led to an increasing number of adults for whom CHD remains a 

physiologic and economic burden (Marelli et al., 2014). While surgical palliation is likely 

to remain the primary treatment of severe CHD for some time, a deeper understanding of 

the origins of congenital heart defects will lay the foundation for more definitive remedies. 

The causes of CHD are manifold. Exogenous insults include maternal infection, 

environmental toxins, teratogenic medications, and in utero exposure to alcohol (Jenkins 

et al., 2007). Genetic lesions, both inherited and spontaneous, contribute to CHD both in 

isolation and in combination with external risk factors (Fahed et al., 2013).  Further 
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complicating our ability to trace the origin of CHD is our limited ability to observe early 

cardiac development in the embryo: detection of cardiac structure and function prior to 

birth has improved considerably with the advent of fetal echocardiography; however, 

direct observation is currently limited to fetuses older than 12 weeks post-fertilization 

(Moon-Grady et al., 2012).  Characterization of human heart function and dysfunction 

prior to this threshold is thus limited to static pathology specimens. To overcome this 

obstacle, investigators have turned to animal models of cardiac development to study 

congenital heart defects as they arise.  

 

1.2 Animal models of cardiac development 

The use of model organisms to study the early embryo has a long and 

distinguished history that shapes our understanding of how the heart develops. Aristotle 

wrote the earliest extant description of cardiac development in the chick, describing a 

“jumping point” (the primitive heart tube) appearing in 3-day old chick embryos 

(Needham, 1959). In the early seventeenth century, William Harvey used knowledge 

gleaned from hundreds of anatomical dissections—ranging from fish to birds to 

mammals—to write his landmark De motu cordis et sanguinis (On the Motion of the Heart 

and Blood) and an early account of the fetal heart and circulation (Harvey and Keynes, 

1953). More recently, embryologists introduced experimental techniques to what was 

previously a largely observational field of study. Of particular importance were chemical 
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stains and radioactive markers that allowed scientists to retrospectively identify the heart-

forming region of the chick embryo, as well as sophisticated explant techniques developed 

in amphibian models (DeHaan, 1963; Rosenquist, 1970; Sater and Jacobson, 1989).  

The modern era of cardiac morphogenesis research is built upon the development 

in the late 20th and early 21st centuries of genome sequencing, molecular genetics and 

transgenesis.  The discovery and characterization of two transcription factors identified 

during this period exemplify the importance of these new technologies: nkx2.5, involved 

in early determination of cardiac tissue, and hand2, which helps specify the ventricle. 

Researchers used newly available genome sequences to identify nkx2.5 in several 

vertebrates by sequence homology to a Drosophila melanogaster homeodomain protein 

tinman, and the expression domain within the developing embryo was found by in situ 

hybridization (Lints et al., 1993). Microinjection of mRNA into frog embryos led to an 

over-expression phenotype, and transgenic knockout of nkx2.5 was achieved in mice to 

define the loss-of function phenotype (Cleaver et al., 1996; Lyons et al., 1995). Hand2 is a 

bHLH transcription factor that was identified by screening a cDNA library with sequence 

from a previously identified bHLH protein. Microinjection of antisense oligonucleotides 

into developing chick embryos suggested its role in cardiac morphogenesis (Srivastava et 

al., 1995). Later, Yelon and colleagues used a forward genetic screen in zebrafish to 

implicate hand2 in ventricular development (Yelon et al., 2000). The characterization of 
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these two early determinants of heart development illustrates the diversity of animal 

models and experimental strategies now available to study cardiac morphogenesis.  

 

1.3 Cardiac morphogenesis 

1.3.1 Cardiomyocyte differentiation and heart tube formation 

Cardiac morphogenesis from the undifferentiated embryo to the chambered, 

contractile organ involves the interaction of cell differentiation, proliferation, and 

migration. The first step of cardiac development is the specification of cells in the early 

embryo whose progeny will form the heart. Fate mapping experiments identified cardiac 

precursors in paired heart-forming regions (later termed the ‘lateral heart fields’) of the 

epiblast near the anterior part of the primitive streak that migrate during gastrulation to 

reside in the lateral plate mesoderm (Garcia-Martinez and Schoenwolf, 1993; Rosenquist, 

1970). These precursor populations later migrate medially to form a crescent of 

differentiated cardiomyocytes which then closes to form the primitive heart tube. A 

second population of cardiac precursors, termed the ‘secondary heart field’, migrates from 

the pharyngeal mesoderm to join the arterial and venous poles of the heart tube as it 

elongates, ultimately contributing to the myocardium of the outflow tract, atria, and part 

of the primordial ventricle.  

Specification of cardiac fate is largely driven by inductive signaling from adjacent 

non-mesodermal tissues. In the fly, expression of decapentaplegic (dpp) from dorsal 
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ectoderm induces tinman in the adjacent mesoderm (Frasch, 1994). This mesoderm 

proceeds to form the dorsal vessel, a contractile structure that functions as a primitive 

heart by driving hemolymph circulation.  Dpp is closely related to vertebrate BMPs, and 

in situ hybridization studies in chick showed that BMP2 and BMP4 localize to endodermal 

and ectodermal neighbors of the precardiac mesoderm, respectively (Schultheiss et al., 

1997). Application of BMP2 to typically non-cardiogenic mesodermal tissues in chick 

embryos specified a myocardial fate (Schultheiss et al., 1997). Other pathways implicated 

in reversibly specifying cardiac tissue include the TGF-β superfamily member activin, 

fibroblast growth factor 8, and the non-canonical Wnt pathway (Ilagan et al., 2006; Marvin 

et al., 2001; Schneider and Mercola, 2001; Yatskievych et al., 1997).  

Commitment of mesodermal precursors to a cardiac fate occurs via the 

complicated and concerted action of several transcription factors, most notably nkx2.5, 

mef2c, and gata4/5/6. Overexpression of nkx2.5 in zebrafish and frog was found to expand 

the field of cardiac precursors that develop into cardiac cells and to drive expression of 

downstream cardiac markers (Chen and Fishman, 1996; Cleaver et al., 1996). Loss of nkx2.5 

results in lethal left ventricular defects and poor expression of key structural, functional, 

and regulatory genes—myosin light chain 2v, atrial natriuretic peptide, mef2, and others—in 

the cardiomyocytes that do differentiate (Tanaka et al., 1999). Myocyte enhancer factor 2 

(Mef2) mutants have correctly specified precardiac tissue but fail to express contractile 

proteins (Bour et al., 1995). Mice lacking the Mef2 homolog Mef2c did not undergo heart 
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looping and exhibited reduced expression of cardiac markers myosin light chain 1a and 

cardiac α-actinin, as well as downstream transcription factor dHAND (Lin et al., 1997). 

The gata4/5/6 transcription factors were identified in mice by a cDNA library screen 

(Arceci et al., 1993; Laverriere et al., 1994).  GATA binding sites are present in many 

cardiac genes, and a number of biochemical studies have demonstrated that the GATA 

factors, nkx2.5, mef2c, and others function as co-regulators for α-myosin heavy chain, atrial 

natriuretic factor, α-cardiac actinin, and other cardiac genes (McBride and Nemer, 2001; 

Morin et al., 2000). Gata4 is upregulated by BMP2 and gata4 binding sites are present in 

the promoter of nkx2.5 (Schultheiss et al., 1997). Similar to nkx2.5 and mef2c, however, 

gata4-null mice exhibit significant structural defects but functional cardiac tissue remains 

present (Kuo et al., 1997). Though none of these genes appears to function as a ‘master’ 

cardiac determinant, their action and interaction are key for the development of cardiac 

cells and, later, proper cardiac structure. 

 

1.3.2 Specification of chamber identity 

Upon formation, the heart tube is composed of primary myocardium that 

expresses cardiac-specific markers but exhibits poor conductivity, automaticity, and 

sarcomeric organization.  While most of the cells proliferate only slowly, after the heart 

tube loops the myocardium in the outer curvature undergoes increased proliferation that 

leads to the ballooning growth of the primitive atrium and ventricle. As the chambers 
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expand, the cardiomyocytes further differentiate to attain the electrophysiological and 

morphological properties of mature myocardium (Christoffels et al., 2000). In humans, 

many CHDs involve defects that are restricted to a specific chamber, valve, or other region 

that can be traced to a distinct segment of the developing heart (Bruneau et al., 2001; 

Merscher et al., 2001).  This indicates that the chambers develop relatively independently 

of each other after specification. Supporting this model, the genetic profiles of atrial and 

ventricular myocardium differ significantly from primary myocardium and from each 

other.  

The first signs of individual chamber identity arise early in cardiac 

morphogenesis. Preatrial and preventricular cardiac precursors can be identified even 

before formation of the heart tube based on the expression of chamber-specific markers. 

Several variants of the heavy and light myosin chains are asymmetrically distributed 

between the chambers, and exhibit differential expression in the lateral plate mesoderm 

(Yelon et al., 1999; Yutzey et al., 1994). Cis-acting regulatory elements that control 

expression of these factors include HF1a and HF1b/MEF2 binding elements in the 

promoter of the myosin light chain 2-ventricular gene (MLC-2v), segments of the myosin 

light chain 3F (MLC-3F) promoter, and a fragment of the slow myosin heavy chain 3 gene 

(SMyHC3) (Kelly et al., 1995; Ross et al., 1996; Xavier-Neto et al., 1999). One of the earliest 

identified trans-acting factors, Irx4, shows strong expression in ventricular myocardium 

but not in the atria or outflow tract. Mis-expression of Irx4 in the atrium by retroviral 
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injection of precardiac tissue results in expression of the ventricular myosin heavy chain 

gene (vmhc) in the developing atria (Bao et al., 1999). This suggested that Irx4 may have a 

role in activating a ventricular genetic program. Shortly thereafter, Yelon and colleagues 

localized the hands off mutation to the zebrafish hand2 gene. Embryos lacking hand2 failed 

to express vmhc or other ventricular markers (Yelon et al., 2000). While the model in mouse 

and chick is more complicated by the existence of multiple HAND-type proteins (dHAND 

and eHAND) with differing roles, it appears that dHAND interacts with nkx2.5 to control 

expression of Irx4 to specify ventricular cardiomyocytes, and deletion of both nkx2.5 and 

dHAND results in absence of right or left ventricles (Bruneau et al., 2000; Yamagishi et al., 

2001).   

Fewer trans-acting factors responsible for the atrial fate have been identified. One 

example is the nuclear receptor COUP-TFII, which is present in atrial but not ventricular 

myocardium and whose deletion results in failure of the primitive atria to expand during 

murine development (Lin et al., 2012; Pereira et al., 1999). Tissue-specific knockout of 

COUP-TFII in atrial cardiomyocytes using the atrial myosin heavy chain (myh6) promoter 

leads to cardiomyocytes in the atrium that exhibit the size, action potential, T tubule 

density, and gene expression pattern of ventricular cardiomyocytes. In contrast, 

overexpression of COUP-TFII in ventricular cardiomyocytes leads to the expression of 

myosin light chain 2a, an atrial marker, in lieu of MLC-2v. Furthermore, chromatin 

immunoprecipitation data indicated COUP-TFII directly binds the promoters of several 
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genes associated with atrial and ventricular identities.  Taken together, these findings 

suggest that COUP-TFII is necessary and sufficient to generate an atrial cardiomyocyte 

fate, and likely does so through direct activation of atrial genes  and suppression of genes 

associated with a ventricular fate (Wu et al., 2013).  Interestingly, conditional knockout of 

COUP-TFII at E12.5 or before led to atrial cardiomyocytes with a ventricular identity, but 

when recombination occurred at E15.5, they retained their atrial identity, suggesting a 

temporally-limited plasticity in chamber identity. It was recently proposed in zebrafish 

that a similar kind of identity switch may occur in a cardiomyocyte ablation model, with 

embryonic atrial cardiomyocytes expressing the ventricular marker vmhc and migrating 

into the ventricle (Zhang et al., 2013). As more chamber-specific tools become available, 

further investigation of the genetic restriction of cardiomyocytes to a single chamber 

identity is thus warranted.   

 

1.3.3 Trabeculation of the ventricle 

As atrial and ventricular cardiomyocytes proliferate and differentiate within the 

ballooning cardiac chambers, looping, valve formation, and—in some organisms—septal 

development generate an organ that is topologically similar to the adult heart.  At this 

stage, however, many of the morphological features that distinguish mature atria and 

ventricles have yet to arise.  
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The formation of trabecular muscle in the ventricle is one of the earliest 

distinguishing structural features of the chamber. Trabeculae form as ridge-like 

projections of cardiomyocytes that proliferate from the ventricular wall as the heart tube 

finishes looping.  In higher vertebrates they are present transiently, later fusing with the 

ventricular wall and septum in a process known as compaction and also forming the 

papillary muscles (Ben-Shachar et al., 1985). In teleost fish and other lower vertebrates, 

however, the trabeculae persist throughout adult life (Hu et al., 2000).  

Signaling between the myocardium and adjacent endocardium drives 

trabeculation. Activation of the Notch pathway modulates cardiomyocyte proliferation in 

the nascent trabeculae with endocardial Notch signaling promoting the activity of Bmp10 

in the underlying myocardium. Both Bmp10 and Notch1 mutants exhibit reduced 

cardiomyocyte proliferation and impaired trabeculation that can be rescued with 

exogenous Bmp10 (Chen et al., 2004; Grego-Bessa et al., 2007). Conditional knockout of a 

Notch1 intracellular domain inhibitor, Fkbp1a, in the endocardium, but not the 

myocardium, leads to hypertrabeculation (Chen et al., 2013). The extracellular factor 

Neuregulin 1 (Nrg1) is also an indirect target of Notch signaling. This interaction is 

thought to be mediated by the direct transcriptional regulation of EphrinB2 by Notch. 

EphrinB2, in turn, is thought to be required for Nrg1 expression based on analysis of 

EphrinB2 mutants (Grego-Bessa et al., 2007). Mice lacking functional Nrg1 or its receptors, 

ErbB2 and ErbB4, die prior to birth with thin-walled hearts lacking trabeculae (Gassman 
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et al., 1995; Lee et al., 1995; Meyer and Birchmeier, 1995), though at this stage some 

evidence suggests that Nrg1 affects trabecular cardiomyocyte differentiation rather than 

proliferation (Grego-Bessa et al., 2007). A similar phenotype is seen in mice carrying null 

alleles for EphrinB2 or its receptor EphrinB4 (Gerety et al., 1999; Wang et al., 1998).  

In zebrafish, cardiomyocyte division is disrupted during trabeculation stages in 

erbb2 mutant zebrafish hearts, indicating a conserved role for Nrg1/ErbB2 signaling (Liu 

et al., 2010). Genetic fate-mapping and live imaging approaches have indicated that 

trabeculae form by the delamination of cardiomyocytes from the ventricular wall, 

followed by displacement to a distal trabeculation site, rather than oriented cell division 

and in situ branching (Gupta and Poss, 2012; Liu et al., 2010; Staudt et al., 2014).  

Trabeculation in mice is not as accessible to these high-resolution approaches although 

the common involvement of molecular factors such as Nrg1 suggests that certain 

mechanisms of cardiomyocyte proliferation are shared. 

  The analogous structure in the atrium, pectinate muscle, has been subject to much 

less scrutiny. Pectinate muscle appears after trabecular muscle, forming several days later 

in developing zebrafish embryos. Unlike trabecular muscle, the pectinate system persists 

through maturity in all vertebrates. Like trabeculae, there is evidence that pectinate 

muscle coordinates electrical conduction in the developing chamber. Pectinate fibers form 

along the same axis as electrical impulse propagation, facilitating electrical conduction 

parallel to their orientation and suppressing conduction in a perpendicular direction 
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(Sedmera et al., 2006). Perhaps unsurprisingly, most investigations of pectinate muscle 

focus exclusively on its relationship to atrial dysrhythmias (Iwasaki et al., 2011). Thus, 

many basic questions remain about these structures. How is pectinate muscle different 

from trabecular muscle? Do they originate in a similar manner? Why do trabeculae 

become compacted (in some organisms) while pectinate largely persist? Clearly, much 

work remains to be done to explore pectinate development. As was done in the ventricle 

for trabecular muscle, multicolor genetic labeling is a powerful tool to trace the origin of 

pectinate muscle, and I will present the results of that experiment in a forthcoming 

chapter. 

 

1.4.4 Compact muscle formation 

Throughout early organogenesis, the walls of the cardiac chambers consist of a 

single layer of cardiomyocytes. Later, the ventricle(s) compensate for increasing 

hemodynamic demands by developing a thickened, vascularized wall of muscle (Clark et 

al., 1989; Saiki et al., 1997). In mammals, the myocardium thickens markedly around E13-

E14 in mice and between 10 and 12 weeks gestation in humans. The compact muscle, as 

the maturing wall structure is called, supplants trabecular muscle in both proliferation 

and contractile force (Sedmera et al., 2000). Lineage tracing experiments using retroviral 

labeling in chick show wedge-shaped clones broadest at the outer layer of the 

myocardium, suggestive of higher cardiomyocyte proliferation rates in that area (Mikawa 
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et al., 1992). This pattern of proliferation is consistent with the presence of some 

mitogen(s) from the heart’s enveloping mesothelial layer, the epicardium. In fact, 

microsurgical disruption of epicardium formation reduces proliferation in the underlying 

myocardium, and the co-culture of fetal cardiomyocytes with epicardial cells stimulates 

their division (Chen et al., 2002; Pennisi et al., 2003).  

Epicardium-derived mitogens responsible for the effect of the epicardium on 

compact muscle proliferation have been challenging to identify. Mutation of the gene 

encoding the transcription factor Wilms tumor 1 (Wt1) results in a thin-walled ventricle, 

as does impaired retinoic acid (RA) or erythropoietin (Epo) signaling (Kreidberg et al., 

1993; Merki et al., 2005; Stuckmann et al., 2003; Wu et al., 1999). These released factors are 

thought to act primarily on the epicardium itself, however, rather than as direct 

cardiomyocyte mitogens. Recent evidence has pointed to Igf2 as one candidate 

molecule. Igf2 is expressed by epicardial cells during mid-gestation murine heart 

development, and Igf2-deficient embryos show reduced cardiomyocyte proliferation in 

the ventricular wall. The cardiomyocyte-specific deletion of the genes encoding the Igf2 

receptors Igf1r and Insr replicated this effect (Li et al., 2011). The role of Igf2 is conserved 

in zebrafish, where expression of a dominant-negative Igf1r or treatment with an Igfr1 

inhibitor results in decreased cardiomyocyte number during development (Huang et al., 

2013).  
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Although certain fish, such as tuna species, acquire thick ventricular walls, the 

zebrafish ventricular wall undergoes only modest expansion during maturation and, like 

in many fish and amphibians, its trabeculae remain prominent throughout life (Santer and 

Walker, 1980). Interestingly, and unlike the situation in mammals, zebrafish hearts 

undergo conspicuous ventricular wall changes quite late in development; multicolor 

genetic fate-mapping analyses recently identified the origins of the outermost layers of 

the ventricular wall, called cortical muscle. Notably, a rare group of �6-12 cardiomyocytes 

ultimately contributes to building the cortical muscle layer. These dominant 

cardiomyocytes originate from trabecular cardiomyocytes that penetrate an underlying 

single cardiomyocyte-thick layer of primordial muscle in rare, spatially distinct events at 

the juvenile stage, emerge on the ventricular surface, and expand to cover the entire 

chamber in a multicellular layer (Gupta and Poss, 2012). A subsequent study found that 

experimental micro-injuries, conditions of rapid organismal growth, or heat stress could 

stimulate precocious cortical muscle formation (Gupta et al., 2013). Ultimately, these 

studies suggested a model in which cortical layer formation is a developmental response 

to biomechanical stress, and that the cardiomyocytes that build the final layer arise 

stochastically. A similar study of the atrium has not heretofore been undertaken, and I 

will present here a detailed map of atrial cardiomyocyte proliferation dynamics that helps 

to define atrial-specific chamber expansion mechanisms that generate a structure distinct 

from that of the ventricle. 
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1.5 Coronary vessels in cardiac development and regeneration 

Concurrent with the thickening of the chambers walls, the growing heart forms a 

functional coronary vasculature to provide oxygen and nutrients to cardiomyocytes 

distant from the blood-filled cardiac lumen. The origin of the cell populations that 

construct the coronary vessels has been the subject of much debate; suggested sources 

include the pro-epicardial organ, a heterogeneous mesodermal structure that also 

contributes epicardial precursor cells, the sinus venosus, and the cardiac endocardium 

(Chen et al., 2014b; Katz et al., 2012; Red-Horse et al., 2010; Tian et al., 2013). Coronary 

vasculogenesis proceeds in several stages: plexus formation, maturation, and arterial 

anastomosis. Endothelial precursors aggregate with epicardium-derived smooth muscle 

to build an immature vascular plexus in a Vegf-dependent manner (Carmeliet et al., 1996; 

Kattan et al., 2004). Maturation through angiogenic sprouting and pruning follows, a 

process that relies on the chemokine Cxcl12 (Cavallero et al., 2015). Both Cxcl12 and Vegf 

signaling are then required for the coronary arteries then grow toward and invade the 

aorta (Chen et al., 2014a; Volz et al., 2015). The result of this complex interplay of cardiac 

tissues is a mature coronary circulation composed of arteries and veins of appropriate 

distribution and caliber. 
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In most vertebrates, including mammals, avians, and fast-swimming fish like tuna, 

this process is relatively rapid and uniform. In other species, including zebrafish, coronary 

vasculogenesis can be quite gradual and regionally restricted (Hu et al., 2001). The 

zebrafish heart lacks a coronary vasculature until around 6-8 weeks post-fertilization. The 

first endothelial cells appear on the surface of the heart near the atrioventricular junction 

and sprout to cover the entire ventricular surface by adulthood. Genetic lineage tracing 

with a fli1a endothelial cell-specific enhancer driven inducible Cre recombinase indicates 

that coronary endothelial cells in the zebrafish arise primarily from existing endocardium 

(Harrison et al., 2015). The same study showed that endothelial migration during coronary 

vasculogenesis depends on the chemokine receptor cxcr4a and its ligand cxcl12b. Notably, 

Cxcl12b is expressed in ventricular but not atrial cardiomyocytes before and during 

coronary vessel formation. The combined absence of cxcl12b and its paralog, cxcl12a, 

resulted in small, stunted fish with poorly developed coronary vessels. These findings, in 

conjunction with the temporally parallel growth of cortical muscle in the ventricle, 

suggest a model that connects chamber-specific coronary vasculogenesis and muscle 

growth.  

The natural regenerative capacity of zebrafish presents a rare opportunity to study 

the role of coronary vessel outgrowth in an adult animal. Following resection of the 

cardiac apex or cryoinjury, existing coronary vessels extend into the wounded area to 

support regenerative muscle growth (González-Rosa et al., 2011; Lepilina et al., 2006). A 
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recent study using the cryoinjury model showed that coronary vessel growth begins 

within fifteen hours after injury, well before detectable myocardial or epicardial 

regeneration (Marín-Juez et al., 2016). This process appears to recapitulate coronary 

vasculogenesis in the developing heart, with activation of cxcr4 regulatory sequences in 

sprouting vessels. The rapid vascular response to cardiac injury also includes vegfaa: 

mRNA levels spike the day after cryoinjury, and expression of a dominant-negative 

Vegfaa transgene is sufficient to block re-vascularization of the wound area. In turn, hearts 

that fail to revascularize exhibit decreased cardiomyocyte proliferation and increased scar 

deposition. These dynamics point to a key role for coronary vessels and vasculogenic 

factors in leading myocardial growth during both development and regeneration. Within 

this framework, I will present here the results of transgenic reporter and over-expression 

tools for Vegfaa that further establish its role as an instructive molecule for myocardial 

growth.  

 

1.6 Introduction to chapters 

 The formation of structurally and functionally distinct cardiac chambers in the 

zebrafish spans the period from cardiomyocyte differentiation in the embryo to cortical 

muscle and coronary vessel formation as the fish approaches adulthood. At each stage, a 

coordinated suite of cellular behaviors and molecular signaling contributes to the growing 

specialization of the atrial and ventricular myocardium. However, relatively little is 
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known about these processes. This is an issue not only for understanding the genesis of 

congenital heart defects, but also a potential source of molecules and developmental 

pathways that can be repurposed as regenerative therapies. To address this, I used 

existing and novel transgenic tools to generate new insights into cardiac chamber 

maturation. Below I provide a brief description of each chapter, highlighting the key 

questions I sought to answer and the specific hypotheses tested during my research. 

 

Chapter 2 

 The atrium and ventricle form after the linear heart tube loops and balloons to 

form a pair of structurally similar but genetically distinct cardiac chambers. Over the 

course of juvenile development, these chambers acquire distinctive traits through 

differences in cardiomyocyte proliferation and rearrangement. A previous study from our 

lab used a multicolor lineage tracing tool derived from the Brainbow system to trace clonal 

populations of ventricular cardiomyocytes from early cardiogenesis through adulthood 

(Gupta and Poss, 2012; Livet et al., 2007). This method provided insight into aspects of 

ventricular maturation including trabecular muscle formation and cortical muscle 

emergence. However, a similar analysis of the atrium was not undertaken.  

I hypothesized that, rather than being a lesser recapitulation of ventricular 

development, atrial maturation comprises a set of unique cellular dynamics that generate 

the specialized atrial structures. Using a recently published atrial-specific inducible Cre 
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recombinase in conjunction with the priZm multicolor genetic labeling transgenic line, I 

traced the progeny of dozens of embryonic atrial cardiomyocytes as they contributed to 

the atrial wall and pectinate muscle. From my findings, I uncovered several unique or 

unexpected cellular behaviors of atrial cardiomyocytes that likely contribute to that 

chamber’s distinct morphology. These insights will serve as a foundation for further 

investigation into the molecular mechanisms driving the observed cardiomyocytes 

dynamics. 

 

Chapter 3 

 As an organism grows, increasing hemodynamic demands necessitate cardiac 

enlargement to maintain adequate cardiac output. In zebrafish and fetal mammals, 

cardiomyocyte division rather than hypertrophy drives this growth. This proliferation is 

promoted and supported by neighboring tissues including the epicardium and coronary 

vessels. Previous work has indicated that the zebrafish heart develops coronary vessels 

only in the ventricle, while the atrium remains avascular throughout life. As coronary 

vasculogenesis begins concurrently with or slightly before cortical muscle formation, it is 

probable that these processes are coordinated.  Accordingly, we sought to examine what 

role Vegfa, a well-known regulator of vasculogenesis, plays in promoting cardiomyocyte 

proliferation during development and regeneration.  
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 Using transgenic tools including a BAC reporter and an inducible cardiomyocyte 

over-expression system, we uncovered key properties of vegfaa during development and 

regeneration. I found that vegfaa is expressed in the epicardium of the ventricle throughout 

development, and apical resection leads to local expression of vegfaa in the endocardium 

near the site of injury. Vegfaa is also a potent mitogen for both coronary vessels and 

cardiomyocytes, with ectopic overexpression leading to marked increases in cardiac size, 

cortical muscle thickness, and cardiomyocyte proliferation. Intriguingly, hearts over-

expressing Vegfaa globally from cardiomyocytes do not regenerate successfully, 

suggesting that a finely-tuned gradient of Vegfaa expression is necessary for cardiac 

regeneration. The identification of Vegfaa as a cardiac mitogen in zebrafish establishes it 

not only as an important factor in ventricular wall thickening and chamber maturation, 

but also as a target for further investigation as a regenerative therapy. 
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2. Multicolor mapping of the cardiomyocyte proliferation 

dynamics that construct the atrium 

This chapter was previously published as “Multicolor mapping of the 

cardiomyocyte proliferation dynamics that construct the atrium” (Foglia et al., 2016). I 

designed and performed the experiments using transgenic tools developed by Jingli Cao, 

Valerie Tornini, and Vikas Gupta in the Poss lab as well as a transgenic line developed by 

Ruilin Zhang of the Neil Chi lab at the University of California – San Diego. I analyzed 

the data, and Ken Poss and I wrote the manuscript.  

 

2.1 Summary 

The orchestrated division of cardiomyocytes assembles heart chambers of distinct 

morphology. To understand the structural divergence of the heart chambers, we 

determined the contributions of individual embryonic cardiomyocytes to the atrium in 

zebrafish by multicolor fate-mapping and we compare our analysis to the established 

proliferation dynamics of ventricular cardiomyocytes. We find that most atrial 

cardiomyocytes become rod-shaped in the second week of life, generating a single-

muscle-cell-thick myocardial wall with a striking webbed morphology. Inner pectinate 

myofibers form mainly by direct branching, unlike delamination events that create 

ventricular trabeculae. Thus, muscle clones assembling the atrial chamber can extend 

from wall to lumen. As zebrafish mature, atrial wall cardiomyocytes proliferate laterally 
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to generate cohesive patches of diverse shapes and sizes, frequently with dominant clones 

that comprise 20-30% of the wall area. A subpopulation of cardiomyocytes that transiently 

express atrial myosin heavy chain (amhc) contributes substantially to specific regions of the 

ventricle, suggesting an unappreciated level of plasticity during chamber formation. Our 

findings reveal proliferation dynamics and fate decisions of cardiomyocytes that produce 

the distinct architecture of the atrium.  

 

2.2 Introduction 

The heart achieves its form through the specification, proliferation and 

organization of cardiac muscle cells and their supporting tissues. Congenital defects in 

these events are relatively common and resultant structural abnormalities can be 

pathologic (Bruneau, 2008; Van Der Bom et al., 2011; van der Linde et al., 2011). Thus, 

delineating the cellular and molecular steps required for normal cardiac chamber 

development has been a crucial research objective.  

From its origin as a simple, contractile tube, the heart undergoes significant 

changes in size and shape as it adapts to the hemodynamic demands of a growing animal 

(Christoffels et al., 2000). Previous studies have identified cardiac genetic programs as 

well as external cues from the environment that organize early heart morphogenesis 

(Bakkers, 2011; Rana et al., 2013). To track the fates of cardiac precursors as their progeny 

contribute to the primitive chambers, several studies have used injectable dyes or viral 
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and genetic labeling systems (Abu-Issa and Kirby, 2008; Keegan et al., 2004; Meilhac et al., 

2004; Mikawa et al., 1992; Stainier et al., 1993). Although these clonal analysis studies have 

provided valuable retrospective snapshots of the proliferative abilities of single cells, they 

are limited in their ability to shed light on proliferation dynamics that generate final 

cardiac structure.  

Recent advances in genetically encoded fluorescent reporters and imaging 

techniques have improved the ability to simultaneously visualize and quantify the 

proliferative behaviors of many individual cells and their progeny within developing 

hearts (Devine et al., 2014; Lescroart et al., 2014). In particular, Brainbow multicolor 

genetic labeling technology (Livet et al., 2007) has yielded new insights into the cellular 

mechanisms by which cardiomyocyte proliferation drives maturation of the zebrafish 

cardiac ventricle. To initiate growth of the inner cardiac trabeculae, larval cardiomyocytes 

delaminate from the ventricular wall, seed typically at a non-adjacent site on the wall and 

proliferate (Gupta and Poss, 2012; Liu et al., 2010). As larvae mature into juveniles, the 

ventricular wall grows as a single-cardiomyocyte- thick patchwork of muscle clones, built 

by continued lateral expansion of several dozen embryonic cardiomyocytes. To create the 

final, cortical layer of adult muscle, juvenile trabecular myocytes derived from a rare 

group of �8 clonally dominant embryonic cardiomyocytes breach the wall and expand on 

the chamber surface (Gupta and Poss, 2012).  
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Whereas multicolor fate-mapping technology has deepened our understanding of 

ventricular morphogenesis, how the atrial chamber is built has not been explored at a 

comparable level. Thus, we have an incomplete view of how differential regulation of 

cardiomyocyte division might account for distinct chamber morphologies. Here, we used 

multicolor fate-mapping to visualize and quantify the contributions to zebrafish heart 

morphogenesis by embryonic atrial cardiomyocytes. We describe dynamic morphologic 

changes in atrial structure during development and we identify the cellular mechanism 

by which atrial pectinate muscle arises. We also determine the number, size and 

distribution of muscle clones in the chamber wall – analysis that reveals heterogeneous 

expansion and emergence of dominant cardiac muscle clones. Finally, we demonstrate a 

developmental window in which a subpopulation of cardiomyocytes that transiently 

express the archetypical atrial marker atrial myosin heavy chain [amhc; also known as 

myosin heavy chain 6 (myh6)] contributes cardiac muscle to the apex of the growing 

ventricle. Our findings distinguish atrial and ventricular morphogenesis at new cellular 

resolution and provide a platform for molecular dissection of cardiac chamber 

specification.  
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2.3 Results and discussion 

2.3.1 Multicolor labeling of atrial cardiomyocytes  

Zebrafish amhc encodes a major component of atrial myofibrils that is detected in 

the atrium as early as 18 hours post fertilization (hpf) (Berdougo et al., 2003; Stainier et al., 

1996). amhc has been used extensively as an indicator of atrial identity (Chen and Fishman, 

1996; Targoff et al., 2013). Recently, Zhang and colleagues generated a transgenic line 

employing a tamoxifen-inducible Cre recombinase driven by amhc regulatory sequences 

to genetically tag and trace atrial cardiomyocytes and their progeny (Zhang et al., 2013).  

To simultaneously fate-map the contributions of most or all amhc-expressing 

cardiomyocytes during chamber morphogenesis, we crossed transgenic amhc:CreER 

zebrafish with animals transgenic for the Cre-inducible multicolor reporter strain Tg(β- 

act2:Brainbow1.0L)pd49 (priZm) (Fig. 1A) (Gupta and Poss, 2012). Embryos containing both 

transgenes were treated at 3 days post fertilization (dpf) with 4-hydroxytamoxifen (4-HT) 

to achieve mosaic recombination of priZm cassettes in amhc+ cardiomyocytes, before 

assessment by confocal imaging at different ages. No color recombination was observed 

in vehicle-treated amhc:CreER; priZm embryos or those lacking the amhc:CreER transgene 

(Fig. 1B-D) and 4-HT-activated atrial recombination was comparable when amhc:CreER 

was paired with the single-color β-actin2:RSG reporter transgene (Fig. 1E). We noted 

similar degrees of color recombination (>20 unique colors) in amhc:CreER; priZm atria and 

pan-cardiomyocyte-labeled cmlc2:CreER; priZm atria at 7 dpf, indicating that identical 
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analytical principles used in previous studies could be applied (Fig. 1F). At 7 dpf, 

cardiomyocyte clones, identifiable by colors distinguishable from their neighbors, 

comprised one or two cells, with two-cell clones constituting about 20% of all clones 

(20±2%, n=8 hemi-hearts) (Fig. 1G). This was verified by co-labeling of cardiomyocyte 

nuclei with transgene cmlc2:H2-EGFP containing an EGFP-tagged H2 histone core protein 

driven by the cmlc2 promoter (Fig. 1H). Thus, amhc:CreER; priZm animals provide a 

platform to trace and visualize the developmental contributions of individual 3 dpf atrial 

cardiomyocytes. 
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Figure 1: Multicolor labeling of atrial cardiomyocytes 

(A) Design of the priZm cassette and example spectrum of possible color combinations. (B-

D) Surface myocardium images of 7 dpf priZm hearts with and without the amhc:CreER 

transgene and after 4-HT or vehicle (VEH) treatment.  
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(E) Surface myocardium of a 7 dpf amhc:CreER; bactin2:RSG heart after treatment with 4-

HT at 3 dpf.  

(F) Surface myocardium of a 7 dpf cmlc2:CreER; priZm heart after treatment with 4-HT at 

3 dpf. 

(G) Surface myocardium of a 7 dpf amhc:CreER; priZm heart from a larva treated with 4-

HT at 3 dpf. Labeled cardiomyocytes are present in singlet (arrowhead) and doublet 

(arrows) clones. 

(H) Atrial cardiomyocytes from a 7 dpf amhc:CreER; priZm heart with nuclei marked by 

cmlc2:H2-GFP. Scale bars = 50 µm (B-H). 

 

2.3.2 The larval zebrafish atrial wall undergoes permanent myocardial 

webbing 

Detailed atrial chamber and cardiomyocyte morphologies have not been described 

in developing zebrafish. Therefore, we assessed hearts from amhc:CreER; priZm zebrafish 

labeled at 3 dpf for any distinguishing atrial features at 7, 14 and 42 dpf (Fig. 2A-C). As 

previously reported(Chi et al., 2008), we noted a squamous morphology with rounded 

borders and broad cell-cell contacts in atrial cardiomyocytes up to 7 dpf (Fig. 2D). At this 

stage, atrial and ventricular wall cardiomyocytes are grossly identical in these features. 

Unexpectedly, by 14 dpf, atrial wall cardiomyocytes had undergone substantial 

morphologic changes that were not evident in the ventricle. Most 14 dpf atrial 
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cardiomyocytes acquired a rod-shaped or branched morphology with limited areas of 

contact between adjacent cardiomyocytes, generating a webbed myocardial skeleton (Fig. 

2E). Several myocardial markers and transgenes confirmed this structural change (Fig. 

3A-C). By contrast, the epicardial cell layer and underlying extracellular matrix 

component Laminin had a contiguous presence enveloping the atrial wall myocardium 

(Fig.  3D-F).  Thus, a complex morphological change occurs between 7 and 14 dpf that 

distinguishes atrial and ventricular wall morphogenesis. 

We examined atria from larval (14 dpf) and juvenile (42 dpf) animals and noted 

that whereas the atrium grows markedly in post- larval animals, discontinuous 

myocardial regions persist and expand as a fraction of total atrial surface area (Fig. 2F). 

Even at adult stages, this webbed structure retains single-cardiomyocyte thickness and 

contains no coronary vasculature,  as recently reported in (Harrison et al., 2015). These 

characters sharply contrast with that of the ventricular wall, which develops a several-

cardiomyocyte- thick, vascularized cortical layer to cover the single-cardiomyocyte- thick 

primordial layer during juvenile growth (Gupta and Poss, 2012). 
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Figure 2: The larval zebrafish atrial wall undergoes permanent myocardial webbing 

(A-C) Surface myocardium of 7 dpf, 14 dpf, and 42 dpf amhc:CreER; priZm hearts, 

respectively, after recombination with 4-HT at 3 dpf. V, ventricle; A, atrium. 

(D, E) 3D reconstructions of hearts from amhc:CreER; priZm animals treated with 4-HT at 

3 dpf and collected at 7 dpf and 14 dpf, respectively. Examples of individual 

cardiomyocytes in the atrium (A) are outlined in white. Individual cardiomyocytes in the 

ventricle (V) are not distinguishable. 

(F) Percentage of total atrial surface area not covered by myocardium at 7 dpf, 14 dpf, and 

42 dpf (means±s.e.m.; n=7 hearts). Means are significantly heterogeneous (one-way 
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ANOVA, p<0.001) and asterisks indicate means that are significantly different (Tukey-

Kramer test, p<0.05). Scale bars: 50µm in A, B, C, D and 100 µm in F. 

 

2.3.3 Atrial pectinate muscle branches directly from wall 

cardiomyocytes 

Recent    lineage-tracing    experiments    identified    a    dynamic, unexpected 

mechanism by which the major internal structure of the ventricle – trabecular muscle – 

arises. Starting around 3 dpf, a subpopulation of wall cardiomyocytes detaches from the 

ventricular surface without accompanying cell division, after which they typically seed 

trabecular myofibers distant from their wall origin. This results in trabecular 

cardiomyocytes that do not share a clonal relationship with the primordial wall 

cardiomyocytes to which they are attached (Gupta and Poss, 2012; Liu et al., 2010; Staudt 

et al., 2014). 

In agreement with previously published work (Hu et al., 2000), we found that the 

internal structure of the atrium – pectinate muscle – forms later in development than 

trabeculae, with the first fibers visible around 14 dpf (Fig. 4A,B). Pectinate morphologies 

include both the small networks of thin fibers near the atrial wall and also branches joining 

the primordial heart tube remnant that spans from the atrioventricular canal to the 

chamber inlet. In mature hearts, the pectinate muscle is composed of fibrous bands of 

cardiomyocytes that form a complex internal meshwork. By assessing amhc:CreER; 
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priZm atria labeled with 4-HT at 3 dpf, we found that mature pectinate myofibers often 

present as fused bundles of multiple non- clonal partners. These myofibers are thickest in 

the interior of the chamber nearest the atrio-ventricular valve, becoming progressively 

thinner and composed of fewer clones as they approach the atrial wall (Fig. 4C). This 

suggests a more ramified structure than has been appreciated in the trabecular muscle of 

the ventricle. 

To determine whether atrial pectinate fibers form by the same mechanism as 

ventricular trabeculae, we examined atria that had been labeled at 3 dpf and quantified 

the rate of clonal concordance between pectinate fibers and adjacent atrial wall 

cardiomyocytes. Importantly, 3 dpf ventricular cardiomyocytes do not give rise to 

clonally related areas of muscle spanning radially from wall into trabeculae (Fig. 4D). By 

contrast, individual 3 dpf atrial cardiomyocytes generate sizable, contiguous, clonally 

related areas of the juvenile and adult atrium that incorporate both wall and pectinate 

myocardium (Fig. 4E). Accordingly, we found that the rate of clonal concordance between 

atrial wall and pectinate cardiomyocytes was much higher than that between ventricular 

wall and trabecular cardiomyocytes (78±2%, n=25-54 pectinate fibers in 11 animals vs 

15±2%; n=17-27 trabecular fibers in 5 animals; P<0.001) (Fig. 4F). Pectinate cardiomyocytes 

that did not match the adjoining wall cardiomyocyte color often formed a polyclonal, 

bundled wall attachment with pectinate cardiomyocytes that did match the wall color. 

This probably represents a secondary extension, in which a growing pectinate myofiber 
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forms a second clonally discordant anchor site at the wall muscle by extending along an 

existing wall-concordant fiber. To assess whether the observed clonal concordance might 

represent atrial wall expansion after recombination but prior to pectinate formation, we 

treated animals at 12 dpf, shortly before the appearance of pectinate fibers. Most fiber 

anchor sites contained at least one colored myocardial cell that matched the adjacent wall 

cardiomyocyte (Fig. 4G). These observations reveal that pectinate muscle fibers in the 

atrium arise in a mechanistically different manner than ventricular trabecular muscle. 

Although delamination with limited, local migration is possible, clonal analysis supports 

a dominant mechanism in which cardiomyocyte division in the atrial wall results in one 

wall daughter cardiomyocyte and one daughter pectinate cardiomyocyte. 
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Figure 3: Atrial pectinate branches directly from wall cardiomyocytes 

(A, B) 3D reconstructions of a 14 dpf amhc:CreER; priZm heart at the surface (A) and with 

the anterior hemi-section obscured to show interior structures (B). The atrio-ventricular 

canal (AVC) and newly formed pectinate fibers (pec) are indicated. 
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(C)  Surface and (C’) deep optical sections of a 42 dpf amhc:CreER; priZm atrium. 

Arrowhead indicats monoclonal pectinate fiver contacting atrial wall. Arrow indicated 

thicker, polyclonal fiber deeper in the lumen.  

(D) Surface and (D’) deep optical sections of a cmlc2:CreER; priZm ventricle treated with 

4-HT at 3 dpf. Arrows indicate a point of contact between trabecular (trab) and ventricular 

wall (wall) cardiomyocytes. Note that red cardiomyocytes, as the unrecombined color, are 

uninformative for clonal concordance assessment. 

(E) Cryosection of a 42 dpf amhc:CreER; priZm atrium exhibiting monoclonal, clonally 

concordant pectinate (pec) muscle (E’). Atr, atrium. 

(F) Frequency with which pectinate and trabecular muscle share a clonal origin with 

adjacent cardiomyocytes of the atrial and ventricular wall, respectively [means±s.e.m.; 

n=5 (atria) and 11 (ventricles) from 16 hearts]. Asterisk indicates significantly different 

means (two-tailed Student’s t-test, p<0.001).  

(G) Percentage of pectinate fibers that are clonally related to adjacent atrial wall 

cardiomyocytes as determined by shared fluorescent reporter expression after 

recombination of the priZm cassette at 3 dpf (Early; n = 11 hearts) or 12 dpf (Late; n = 6 

hearts). Hearts labeled at 3 dpf were imaged at 42 dpf and hearts labeled at 12 dpf were 

imaged at 28 dpf. Scale bars: 100 µm in C, C’, E, E’ and 50 µm in D, D’.  
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2.3.4 The atrial wall forms by heterogeneous expansion of clonally 

related muscle patches 

To chart the proliferation dynamics responsible for constructing the atrial wall, we 

imaged and quantified the surface area of cardiomyocyte clones over the course of 

chamber growth and maturation. Three dpf amhc:CreER; priZm embryos were treated with 

4-HT and collected at 7, 14 and 42 dpf in these experiments. We found that, like ventricular 

wall cardiomyocytes, atrial wall cardiomyocytes largely retain contacts with clonal 

partners during animal growth, resulting in a conglomeration of laterally expanding 

multicellular muscle patches. 

To define the number and sizes of clonal muscle patches that contribute to the 

atrial wall, we used imaging software to quantify the number and areas of atrial surface 

muscle clones from whole- mounted hearts (Fig. 5A-C). The number of distinguishable 

clones remained relatively constant at 7, 14 and 42 dpf time points, ranging from 44 to 69 

per atrium [7 dpf, 53±5; 14 dpf, 59±6; 42 dpf, 62±6; n=8] (Fig. 5D). Although it is possible 

that in rare events clones from two separate embryonic cardiomyocytes might have been 

counted as a single clone if they adopted the same color, we attempted to minimize this 

effect by analyzing hearts exhibiting a high degree of color diversity, as in our previous 

studies (Gupta et al., 2013; Gupta and Poss, 2012). A slight increase in the number of clones 

identified at later time points might be attributable to spatial fragmenting of like-colored 

patches such that they are counted as two separate clones; however, this increase was not 
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statistically significant  (one-way ANOVA,  P>0.05). Our results suggest  that �50-60 

embryonic cardiomyocytes present at 3 dpf ultimately contribute to the atrial wall, very 

similar to the number of 3 dpf cardiomyocytes contributing to the juvenile ventricular wall 

(Gupta and Poss, 2012). This number is less than the total number of cardiomyocytes in 3 

dpf larval atria, which we estimated as 81 per animal (81±10; n=4) (Fig. 6A,B). This 

disparity is probably explained in part by our observations that many amhc+ 

cardiomyocytes incorporate into the atrio-ventricular (AV) junction, which we have 

excluded from quantification because of its polyclonal composition of densely arranged 

cardiomyocytes (Fig. 6C).  
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Figure 4: The atrial wall forms by heterogeneous expansion of clonally related muscle 
patches. 
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(A-C) Surface myocardium of 7 dpf, 14 dpf, and 42 dpf amhc:CreER; priZm hearts, 

respectively, with examples of traced clones outlined in white. 

(D) Number of distinct clones within 7 dpf, 14 dpf, and 42 dpf amhc:CreER; priZm atria 

(means±s.e.m; n=8 hearts each). The difference in the indicated means was not significant 

(ns) using one-way ANOVA (p<0.05).  

(E) Histograms of relative clone size distributions at 7 dpf, 14 dpf, and 42 dpf. Data are 

aggregated from n=8 hearts per time point. The data are log-transformed to better show 

both tails of the distributions. 

(F-H) Distributions of relative clone sizes in individual hearts, grouped by age (n=8 at each 

time point), with indicated clones in (F) outlined in white from a 14 dpf (G) and a 42 dpf 

(H) heart. Scale bars = 50 µm in A, A’, B, B’, G and 100 µm in C, C’, H. 

 

To assess clone size at each age, we examined the distribution of clone sizes relative 

to total atrial surface area (Fig. 5E). The distributions at each age were significantly 

different (two-sample Kolmogorov–Smirnov test, P<0.001 for each comparison). Whereas 

the mean relative clone size did not vary considerably, the number of very large and very 

small clones increased with age. This observation suggests heterogeneous rates of growth 

among clones. Examination of individual 7 dpf atria revealed no individual surface muscle 

clone occupying more than 12% of the total atrial wall surface area. By contrast, most hearts 

contained at least one ‘dominant’ clone that contributed from 17 to 30% (19.1±7.2%, n=8) 
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of the total wall surface area (Fig. 5F-H). We cannot exclude the possibility that a single 

‘dominant’ clone resulted from the fusion of two identically colored clones during 

development; however, the consistency with which dominant clones are observed argues 

against this possibility. These dominant clones were present at several locations within the 

atrial wall in the population of 42 dpf animals we examined, most often incorporating a 

chamber appendage distant from the AV junction. Thus, the zebrafish atrium achieves its 

form by varied contributions of embryonic wall cardiomyocytes, including occasional 

cardiomyocytes with particularly high cardiogenic activity. 

 

2.3.5 Atrial-specified cardiomyocytes contribute a portion of the 

ventricular apex 

We noticed that amhc:CreER animals treated with 4-HT at   3 dpf consistently 

displayed a low percentage of labeled (non-red) cardiomyocytes in the ventricle, in either 

the priZm or β-actin2: RSG background (Fig. 7A, Fig. 8A). The proportion of amhc- labeled 

ventricular cardiomyocytes per animal was independent of the duration of 4-HT 

treatment at 3 dpf (Fig. 8B) and ventricular labeling consistently occurred in the apex and 

regions spanning the apex to AV junction. These results suggest that amhc:CreER- 

mediated recombination in ventricular cardiomyocytes does not arise from leaky 

stochastic expression of the amhc:CreER transgene, but might instead reflect endogenous 

amhc expression. To test this, we examined the published amhc:EGFP reporter line (Zhang 
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et al., 2013) and generated a new amhc:EGFP reporter construct using the same 4.5 kb 

upstream regulatory sequence employed for the amhc: CreER transgene (-4.5amhc:EGFP). 

In contrast to previously reported results (Zhang et al., 2013), we observed faint but 

consistent EGFP fluorescence in the ventricular apex and junctional regions of amhc:EGFP 

hearts up to 3 dpf (Fig. 7B). Hearts collected from 30 embryos injected with the -

4.5amhc:EGFP construct exhibited mosaic EGFP fluorescence in similar domains (Fig. 8F-

H), indicating a consistent gene regulatory domain that is not dependent on the transgene 

integration site. 
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Figure 5: Transiently amhc+ cardiomyocytes populate the ventricular apex 

(A) Surface myocardium of a 7 dpf heart from an amhc:CreER; priZm animal treated with 

4-HT at 3 dpf, displaying a non-red cardiomyocyte (white arrow) on the ventricular side 

of the atrio-ventricular junction (dashed line). 



 

 

43 

(B) Surface myocardium of a 3 dpf heart from a vmhc:mCherry-NTR and amhc:EGFP 

animal. 

(C) Surface myocardium of a 2 dpf heart expressing vmhc:mCherry-NTR and 

immunostained for Amhc. Magnified region shows area of EGFP expression within the 

ventricle (V) near the atrioventricular junction (dashed line). Arrow indicates an Amhc+ 

cardiomyocyte in the ventricle. 

(D, E) Surface myocardium of 7 dpf amhc:CreER; priZm hearts from animals treated with 

4-HT at 1 dpf or 5 dpf, respectively. 

(F) Percentage of ventricular surface area labeled in 7 dpf amhc:CreER; priZm hearts treated 

at 9 hpf (n=7), 18 hpf (n=8), 1 dpf (n=7), 2 dpf (n=7), 3 dpf (n=8) or 5 dpf (n=7) 

(means±s.e.m.). Asterisk indicated that the means are significantly heterogeneous (one-

way ANOVA, p<0.05) and a significant difference exists between the indicated groupings 

(Tukey-Kramer test, p<0.05). 

(G-H) Surface and deep myocardium, respectively, of a 14 dpf amhc:CreER; priZm heart 

treated with 4-HT at 1 dpf. Cardiomyocytes of the primordial ventricular wall (prim) and 

trabecular muscle (trab) are indicated with an arrow. 

(I) Surface myocardium of a 42 dpf amhc:CreER; priZm heart treated with 4-HT at 1 dpf. A 

labeled region of the ventricular cortical myocardium (cort) is indicated with an arrow. 

Scale bars: 100 µm in I; 50 µm in A, B, D, E, G, H; 25 µm in C, C’. 

  



 

 

44 

 

 
 
Figure 6: A subpopulation of amhc-expressing cardiomyocytes localized in the 
ventricular apex down-regulates amhc and begins expressing vmhc 

(A) Surface myocardium of a 7 dpf amhc:CreER; bactin2:RSG heart from an animal treated 

with 4-HT for 1 hour at 3 dpf, indicating areas of EGFP fluorescence.  

(B) Percentage of the ventricular surface area with EGFP fluorescence in 7 dpf amhc:CreER; 

bactin2:RSG hearts after treatment with 4-HT at 3 dpf for 1 hour (n=11 hearts), 5 hours 

(n=14 hearts), or 16 hours (n=9 hearts) (mean±s.e.m.). Differences in the means are not 

significant (ns) by one-way ANOVA (p>0.05) after arcsine transformation.  
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(C) Surface myocardium of a 5 dpf vmhc:mCherry-NTR heart immunostained for Amhc, 

indicating no detectable ventricular Amhc. 

(D) Surface myocardium of a 2 dpf amhc:GFP; vmhc:mCherry-NTR heart indicating some 

EGFP signal in the ventricle. White bar indicates measured region for fluorescent intensity 

profile in (E). 

(E) Graph plots mCherry and EGFP fluorescent intensity in arbitrary units from 0-256 with 

position on x-axis indicating distance along the white line in (D). Blue bar indicates region 

of EGFP and mCherry co-expression.  

(F-H) Images of 3 dpf hearts from vmhc:mCherry-NTR animals injected immediately after 

fertilization with a linearized plasmid containing an EGFP sequence preceded by a 4.5 kb 

region of the amhc promoter. Arrows indicate regions of EGFP fluorescence in the 

ventricle. Scale bars are 50 µm. 
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To confirm whether Amhc protein is endogenously produced by ventricular 

cardiomyocytes, we performed direct immunofluorescence.  To assess whether amhc-

expressing ventricular cardiomyocytes co-expressed ventricular markers, we 

incorporated a vmhc: mCherry-NTR transgenic line into our experiments (Zhang et al., 

2013).  At 2 dpf, faint Amhc signals were detectable in ventricular cardiomyocytes 

adjacent to the AV junction, whereas such signals were undetectable by 5 dpf (Fig. 7C, Fig. 

8C). Interestingly, a small number of Amhc+;  vmhc:mCherry-NTR+ cardiomyocytes with 

quantifiably lower levels of each marker were detectable, suggesting a transition from 

amhc to vmhc expression that possibly reflects a sub-lineage switch from an atrial to 

ventricular pattern of gene expression (Fig. 8D,E).  

To define a possible developmental window for cardiomyocyte gene expression 

plasticity, we treated amhc:CreER; priZm embryos with 4-HT at several different ages before 

assessment of ventricular labeling. Embryos treated at 1 dpf or earlier exhibited large areas 

(�15-20%) of labeled ventricular surface myocardium by 7 dpf. By contrast, hearts from 

embryos treated on or after 5 dpf later contained few or no labeled ventricular 

cardiomyocytes (Fig. 7D-F). The contributions of these early labeled clones to 14 dpf and 

42 dpf ventricles included primordial, trabecular and cortical muscle (Fig. 7G-I). Notably, 

embryos treated with 4-HT for 24 h immediately after fertilization showed labeling in a 

consistent fraction and location of the ventricle, comprising on average 14±4% of the 

ventricle, predominantly in the apex and near the AV junction (Fig. 9A-I).  
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This supports the notion that a defined subpopulation of ventricular 

cardiomyocytes expresses amhc during an early window of cardiogenesis. Taken together, 

our experiments reveal that a substantial number of cardiomyocytes that express amhc early 

in development subsequently contribute to ventricular, rather than atrial, myocardium 

and that this subpopulation turns off amhc expression and adopts a ventricular gene 

expression signature after the first few days of life. 

 

2.4 Conclusions 

Multicolor fate-mapping technology is a powerful approach to dissect the 

proliferation dynamics of organogenesis; yet, due to technical challenges it has been 

sparingly employed. Here, to complement our analyses of the zebrafish ventricle, we have 

dissected the morphological and proliferative dynamics of atrial cardiomyocytes. 

We found that the zebrafish atrial myocardium adopts a webbed structure during 

larval development. This transformation, which is not observed in the ventricle, is driven 

by changes in the morphology of individual atrial cardiomyocytes to a mature, branched 

form and results in a major expansion of atrial surface area. Accordingly, the 

endocardium, extracellular matrix and epicardium are in many cases the only barrier 

between the circulation and pericardial cavity environment. The physiological 

significance of this morphological change remains unclear, but it might reflect a 

preference to prioritize atrial volume over contractility. In addition to altered myocardial 
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structure, chamber expansion is driven by cardiomyocyte proliferation, which we have 

characterized by tracking clonal populations of atrial cardiomyocytes at successive stages 

of development. Our results demonstrate that, as in adult ventricular cortical muscle, the 

heterogeneous proliferation of muscle clones contributes to atrial wall growth and this 

contribution can be dominated by a small number of expansive clones. These findings do 

not rule out the possibility that there are additional contributions to heterogeneity in clone 

size by cell hypertrophy. How this clonal expansion is regulated is a challenging question, 

which is likely to require the innovation of longitudinal cardiac imaging in individual 

developing animals to begin to resolve.  Also crucial will be similar multicolor clonal 

analyses of atrial cardiomyocytes in higher vertebrates. 

The inner mesh of the atrium, which starts to develop by 14 dpf, forms in a different 

method than that of the ventricular chamber. Our data reveal that atrial pectinate 

cardiomyocytes typically share a clonal relationship with the adjacent atrial wall, with large 

regions of clonally related atrial muscle spanning from wall to lumen in final form. This 

suggests that the pectinate arises through a simple mechanism of division, budding and 

branching. This mechanism contrasts with the delamination behavior of ventricular 

cardiomyocytes, which happens much earlier at 3 dpf. We suspect that there must be 

distinguishing influences, whether mechanical or chemical, that are responsible for these 

distinct behaviors. The development of live-imaging techniques to study pectinate 

formation in a range of conditions will assist the understanding of such influences. We 
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have generated evidence that mechanical strain is a stimulus for cortical muscle formation 

in the zebrafish ventricle (Gupta et al., 2013); thus, the lower pressures in the atrium might 

account for its lack of a cortical layer. From our cardiomyocyte fate- mapping studies, one 

can visualize how a single cell type – the cardiac muscle cell – can display markedly different 

proliferative behaviors that ultimately drive chamber-specific morphogenesis and 

functional specialization. We anticipate that these chamber-specific principles of 

cardiomyocyte proliferation dynamics will provide new resolution to the roles of molecular 

factors disrupted in genetic mutant strains. 

Unexpectedly, our investigation of atrial fate-mapping indicated that some 

cardiomyocytes expressing amhc in the early stages of cardiogenesis are present within 

and near the ventricular apex and subsequently switch to a ventricular phenotype. This 

finding is consistent with previous observations in mouse and rat (De Groot et al., 1989; 

Moorman and Lamers, 1994); however, the amhc- expressing component of the zebrafish 

ventricle has a more stereotyped localization than that reported for other animal models. 

One possible source of these cells is the early atrioventricular junction myocardium, which 

has been shown in mouse and chick to express Amhc and to contribute cardiomyocytes to 

both the atrium and the ventricle (Aanhaanen et al., 2009). Alternatively, this 

developmental phenomenon might be analogous to what has been observed in the setting 

of ventricular injury, in which atrial amhc+ cardiomyocytes were reported to reprogram to 

ventricular cardiomyocytes during regeneration (Zhang et al., 2013). The authors 
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proposed this as a regeneration-specific event, as they could not detect the ventricular 

expression of amhc:EGFP or ventricular labeling using amhc:CreER; βactin2:RSG 

transgenes in uninjured larvae that we observe and report here. Because of these 

endogenous ventricular amhc expression domains, it is plausible that the regeneration 

after larval ventricular damage is mediated in some part by proliferation of amhc+ 

ventricular cardiomyocytes, rather than injury-induced reprogramming of atrial 

cardiomyocytes. To address this issue, it will be important to identify new markers that 

are expressed in a chamber-specific or chamber-preferential manner. The next key steps 

relevant to cardiac chamber specification and heart regeneration are to examine whether 

amhc-derived ventricular cardiomyocytes are physiologically distinct from other 

ventricular cardiomyocytes and how amhc+ to amhc+vmhc+ to vmhc+ transitions occur at the 

genetic and epigenetic levels. 

 

2.5 Experimental Procedures 

Zebrafish 

Male and female wild-type or transgenic zebrafish of the EK/AB strain of the 

indicated ages were used for all experiments. All transgenic strains were analyzed as 

hemizygotes. Published transgenic lines used in this study were: priZm 

[Tg(bactin2:Brainbow1.0L)pd49] (Gupta and Poss, 2012); βactin2: RSG [Tg(bactin2:loxP-
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DsRed-STOP-loxP-eGFP)s928] (Kikuchi et al., 2010); cmlc2:CreER [Tg(cryaa:DsRed,-

5.1myl7:CreERT2)pd13] (Gupta et al., 2013); amhc:CreER [Tg(amhc:CreERT2)sd20] (Zhang et 

al., 2013); vmhc:mCherry-NTR [Tg(vmhc:mCherry-Eco.NfsB)] (Zhang et al., 2013); tcf21:dsRed 

[TgBAC(tcf21:DsRed2)pd37] (Kikuchi et al., 2011a); and βactin2:tagBFP [Tg(βactin2:loxP-

mTagBFP-STOP-loxP-Neuregulin1)pd107] (Gemberling et al., 2015). All cmlc2:CreER; priZm 

and amhc:CreER; priZm animals were labeled with 4-hydroxytamoxifen (4-HT) at the 

indicated ages. Embryos labeled at 1 dpf were treated with 5 µM 4-HT in egg water for 4 

h from a 1 mM stock made in 100% ethanol. Embryos treated after 1 dpf were treated with 

10 µM 4-HT for 4 h. After treatment, embryos were washed thoroughly and returned to 

egg water. Work with zebrafish was performed per an approved institutional animal care 

and use committee (IACUC) protocol (A100-12-04) at Duke University. 

 

Embryo injection and mosaic analysis 

A 4.5 kb segment of the amhc promoter (Zhang et al., 2013) was cloned into a 

plasmid containing a downstream EGFP sequence and flanking I-SceI meganuclease sites. 

The plasmid was linearized with meganuclease prior to injection to facilitate integration 

into the genome. EGFP+ embryos were identified at 2 dpf using a Zeiss AxioZoom 

dissection microscope. EGFP+ embryos were fixed in 4% paraformaldehyde overnight at 

2 dpf or 3 dpf and prepared for confocal microscopy as described below.  
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Construction of -4.5amhc:EGFP transgenic zebrafish 

The construct to create -4.5amhc:EGFP was made by cloning a 4.5 kb amhc promoter 

[forward primer (KpnI): 5′-CAGATGGTACCCCTGGA- ACTCAACAATGCTC-3′ and 

reverse primer (BamHI): 5′-CAGATGGA- TCCGATCTGGATCTCTCCTCAGTTG-3′] into 

the pCS2 vector and EGFP was cloned downstream of the promoter. The entire construct 

was flanked with I-SceI sites to facilitate transgenesis. Animals mosaic for this construct 

were analyzed in this study and one transgenic line was saved. The full name of this 

transgenic line is Tg(-4.5amhc:EGFP)pd116
. 

 

Construction of cmlc2:H2A F/Z-EGFP transgenic zebrafish 

For the transgenic line referred to as cmlc2:H2-EGFP, the ORF sequence of 

zebrafish H2A F/Z (Pauls et al., 2001) was amplified using primers: H2A-F (EcoRI): 

CGGAATTCATGGCAGGTGGAAAAGC and H2A-R: 

(BamHI): CGGGATCCCCTGCGGTTTTCTGCTGG. The sequence was inserted 

into the EcoRI-BamHI sites of pEGFP-N1 to make a pH2A-EGFP construct. The H2A-EGFP-

SV40 PolyA cassette was then digested by AflII, blunted with Klenow fragment, digested 

with EcoRI and cloned downstream of the 1.6 kb cmlc2 promoter (Huang et al., 2003) in a 

pBluescript backbone. The entire construct was flanked with I-SceI sites to facilitate 

transgenesis. The full name of this transgenic line is Tg(cmlc2:H2A F/Z-EGFP)pd115. 
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Construction of cmlc2:EGFP-CAAX transgenic zebrafish 

  cmlc2:EGFP-CAAX was generated by subcloning an EGFP-CAAX cassette that had 

been amplified from Tol2kit plasmid 384 (Kwan et al., 2007) downstream of a published 

5.1 kb promoter sequence of zebrafish cmlc2 (Kikuchi et al., 2010) The full name of this 

transgenic line is Tg(cmlc2: EGFP-CAAX)pd117. 

 

Tissue collection  

To facilitate confocal imaging of the atrium, hearts were collected from fish after 

fixation of the whole organism. Fish were anesthetized completely in Tricaine and 

immersed in 4% paraformaldehyde for 1 day (fish 14 dpf or younger) or 2 days (fish older 

than 14 dpf) at 4°C. Whole hearts were then manually dissected and washed in PBS prior 

to mounting. 

 

Immunofluorescence 

Whole mount immunofluorescence was performed on hearts collected as 

described above. Primary antibodies used in this study were anti-laminin (rabbit, Sigma 

L9393) at 1:50 and S46 (anti-Myh6; mouse, Developmental Studies Hybridoma Bank) at 

1:20 (Miller et al., 1985). Secondary antibodies used in this study were Alexa Fluor 488 goat 
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anti-rabbit (1:200) and Alexa Fluor 488 goat anti-mouse (1:200). Antibody staining was 

performed as described previously (Yang and Xu, 2012). 

 

Imaging 

Fluorescent images from all samples were acquired using a Leica SP8 or a Zeiss 

LSM 700 microscope. For imaging of the cardiac surface, fixed hearts were placed in 

Fluoromount G (Southern Biotech) and compressed between two coverslips to allow 

imaging of both sides. Confocal slices through whole-mounted hearts were acquired by 

adjusting the Z-position until trabecular and pectinate muscle could be visualized. Images 

from priZm samples were acquired as described previously using laser lines 458 nm, 515 

nm and 561 nm to excite CFP, YFP and RFP, respectively (Gupta and Poss, 2012). When 

indicated, laser line 488 nm was also used to excite GFP. Channels were acquired 

sequentially, overlaid and imported into ImageJ (NIH), where uniform adjustments to 

brightness and contrast were made. 

 

Image analysis 

To calculate the non-myocardial fraction of the atrial surface area, regions within 

the atrial wall of 7 dpf and 14 dpf priZm hearts that did not express any fluorescent protein 

were measured manually in ImageJ (http://imagej. nih.gov/ij/). For 42 dpf hearts, the 

thresholding function of ImageJ was manually calibrated to isolate and measure non-
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labeled regions within the atrial wall in µm2. The total area of non-myocardial surface was 

divided by the total atrial wall surface area to obtain the non-myocardial fraction. 

For clonal analysis, individual clones were distinguished by color from their 

neighbors and traced in ImageJ and quantified in µm2. Areas of red myocardium were 

aggregated and divided by the average clone size within the same heart to estimate the 

number of unlabeled clones. The percentage area occupied by a clone was calculated by 

dividing its measured area by the total surface area of both sides of the atrium. For 

counting the number of cells per clone, nuclei were identified by the density of fluorescent 

signal; these densities consistently colocalized with a known nuclear reporter (cmlc2:H2-

GFP). The characteristics of the priZm cassette, including distribution of observed colors 

and other details, were published previously (Gupta et al., 2013; Gupta and Poss, 2012).  

 

3D reconstructions 

For 3D reconstructions, 7 dpf and 14 dpf hearts were fixed in the organism and 

manually dissected. Hearts were then washed and transferred into 1% low- melting point 

agarose in a Petri dish that was then filled with water. An upright Leica SP8 with a 20× water 

immersion objective was used to obtain images in a Z-stack with 1.5 µm optical sections. 

Multicolor imaging was performed as described above. 3D reconstruction was performed 

using Imaris (Bitplane). 
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Statistical analysis 

Statistical analysis was performed using JMP11 (SAS). Sample sizes were 

determined based on prior clonal analysis in the ventricle (Gupta and Poss, 2012). Per pre-

established criteria, specimens were excluded only if there was no detectable non-red 

fluorescence, which was presumed to be due to genotyping error or if damaged during 

isolation. Treatment with 4-HT was done by clutch and animals were selected from clutch-

matched tanks at random for each time point. For all experiments comparing the means 

of a set of percentages, an arcsine transformation was applied to the data. In experiments 

comparing the means of two distributions, Student’s t-test was used with a threshold for 

significance at P<0.05. For experiments comparing the means of more than two groups, 

one-way ANOVA was used to detect significant differences in the group means (P<0.05) 

with a post hoc application of the Tukey–Kramer test to show subgroups with significantly 

different means. To analyze the relative clone sizes in hearts of different ages, we used the 

non-parametric two-sample Kolmogorov–Smirnov test to determine the probability that 

the distributions arose from identical populations. A probability of P<0.05 was used as a 

threshold for significance. All statistics reported within the text are means±s.e.m. 
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3. Dynamic Vegfa signals instruct myocardial growth 

during zebrafish heart regeneration 

 This chapter is adapted from a manuscript in preparation, of which I am a co-

primary author along with Dr. Ravi Karra. I participated in the design of the 

experiments, generated the transgenic BAC vegfaa:EGFP reporter line and the associated 

data as well as the larval FUCCI experiments, and I wrote the manuscript as adapted 

here. Ravi participated in the design of experiments and performed the Vegfaa 

overexpression studies. Wen-Yee Choi generated the bact2:BS-vegfaa transgenic line. 

 

3.1 Summary 

Cardiac regeneration in zebrafish involves the coordinated interplay of a host of 

tissues whose input is necessary to stimulate and support growing myocardium. 

Identifying and characterizing the mitogens and other intercellular signals underlying 

this coordination can provide insights into pro-regenerative therapies for human heart 

disease. Recent work has shown that vascular endothelial growth factor A (Vegfa) 

signaling is essential for revascularization after cardiac injury and for regenerating lost 

muscle in zebrafish. Notably, revascularization appears to be a pioneering cellular 

response to injury that occurs within hours, and inhibition of early Vegfa signaling 

limits both vascular re-growth and regeneration. It remained unclear, however, where 

and when Vegfa is expressed and whether it is sufficient to promote myocardial 
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expansion. Here, we use a transgenic reporter of vegfaa expression and an inducible 

Vegfaa overexpression system to explore the role of vegfaa during development and 

regeneration. We found that vegfaa is expressed in the zebrafish epicardium throughout 

development, and its expression is dynamically up-regulated after cardiac injury.  

Transgenic over-expression of Vegfaa from cardiomyocytes promotes both coronary 

vasculogenesis and cardiomyocyte proliferation during development and in adult 

hearts. Despite this, global vegfaa over-expression blocks regeneration after cardiac 

injury, possibly by disrupting the endogenous local Vegfaa gradient that appears shortly 

after injury. Our results indicate that vegfaa is a cardiac mitogen; however, its 

appropriate spatio-temporal expression appears to be essential to its function during 

regeneration. Our work reinforces the idea that regeneration couples cellular 

proliferation with morphogenetic cues to guide the expanding tissue to a 

developmentally appropriate endpoint, and consideration of this concept is essential for 

developing regenerative therapies. 

 

3.2 Introduction 

Heart failure is a major cause of morbidity and mortality world-wide, and 

myocardial infarction is among its most common causes (Braunwald, 2015). After 

ischemic injury, necrotic regions of the myocardium are replaced by scar tissue, 

compromising the heart’s ability to contract and pump blood effectively throughout the 
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body. While therapies are available to delay or palliate the effects of heart failure, the 

inability of human the human heart to regenerate lost muscle stands as a significant 

obstacle to definitive recovery. It is unclear why, precisely, human myocardium lacks this 

capacity. A central goal of regenerative medicine is to develop methods to overcome this 

barrier.  

Unlike humans, zebrafish regenerate large fractions of their hearts after a variety 

of injuries (González-Rosa et al., 2011; Poss et al., 2002; Wang et al., 2011). Studying 

zebrafish and other lower vertebrates that regenerate naturally can provide insights into 

molecules and mechanisms whose manipulation can boost regenerative potential in 

humans. In the zebrafish, cardiomyocytes that survive after injury divide to produce new 

myocardium and restore cardiac function (Kikuchi et al., 2010). The regenerative response 

is not limited to the myocardium, however. Neighboring tissues such as the endocardium 

and epicardium are activated upon injury, and this activation is critical to successful 

regeneration (Kikuchi et al., 2011b; Lepilina et al., 2006). Rapid revascularization of the 

wound site by coronary vessels is also necessary to support new muscle growth (Marín-

Juez et al., 2016). How these non-myocardial tissues interact to promote cardiomyocyte 

proliferation and regeneration is complex and not well understood.  

 One likely mechanism is through the provision of mitogens that stimulate 

quiescent cardiomyocytes to divide. Recently, the extracellular factor Neuregulin 1 (Nrg1) 

has been identified as a cardiac mitogen in zebrafish and mice (Bersell et al., 2009; D’Uva 
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et al., 2015; Gemberling et al., 2015; Polizzotti et al., 2015). Zebrafish nrg1 is upregulated 

after injury in perivascular cells in the ventricular wall and signals through cardiomyocyte 

ErbB2/B4 receptors to promote proliferation. When expressed transgenically, Nrg1 

activates several molecular hallmarks of zebrafish heart regeneration and results in 

marked hyperplasia of the myocardium. Treatment of adult mice with Nrg1 leads to 

modest increases in cardiomyocyte proliferation and improved recovery after myocardial 

infarction, and human patients with heart failure also exhibit functional improvement 

after Nrg1 infusion (Bersell et al., 2009; Jabbour et al., 2011). The elucidation of other 

cardiac mitogens from the zebrafish would provide additional factors to improve upon or 

augment the effects of Nrg1.  

Given that cardiac development is a period uniquely rich in cardiomyocyte 

proliferation, it stands to reason that a close study of development will yield promising 

candidates. The formation of a coronary vasculature concomitantly with a compact 

muscle layer in the zebrafish ventricle pointed us toward the angiogenic molecule 

vascular endothelial growth factor A (Vegfa). Like Nrg1, Vegfa is essential for normal 

heart development. Vegfa knockout mice die before birth, and mice expressing only one 

of the three isoforms of Vegfa exhibit defective angiogenesis and ischemic 

cardiomyopathy (Carmeliet et al., 1999). Injection of synthetic modified RNA encoding 

Vegfa showed improvement of heart function and survival in a mouse model of 

myocardial infarction (Zangi et al., 2013), and there is evidence that Vegf and other 



 

 

61 

angiogenic factors can promote cardiomyocyte proliferation after myocardial infarction 

in pigs (Tao et al., 2011). However, it is not clear where and when Vegfa is expressed in 

zebrafish, and what role it plays during natural heart regeneration. To identify the source 

of Vegfaa during zebrafish development and regeneration, we generated a BAC 

transgenic reporter line expressing GFP under the control of vegfaa regulatory sequences. 

Despite reports in mice that cardiomyocytes are a major source of Vegfa (Dor et al., 2001; 

Giordano et al., 2001), we find that in developing and adult zebrafish vegfaa expression is 

predominantly from the ventricular epicardium and cardiac valves and, during 

regeneration, from the endocardium adjacent to the wound site.  

A recent report has shown using a heat shock-inducible dominant-negative Vegfaa 

transgenic line that Vegfaa signaling is necessary to revascularize the injury site and 

permit cardiac regeneration in zebrafish (Marín-Juez et al., 2016). To assess whether 

Vegfaa is sufficient to activate the regenerative program and promote cardiomyocyte 

proliferation, we engineered an inducible transgenic line expressing Vegfaa from 

cardiomyocytes (Appendix B, Figure 16A). Using this tool in conjunction with a 

cardiomyocyte-specific, tamoxifen-inducible Cre recombinase, we stimulated coronary 

angiogenesis and cardiomyocyte proliferation throughout the heart, demonstrating that 

Vegfaa is sufficient for ectopic cardiac growth. Unexpectedly, global over-expression of 

Vegfaa after ventricular resection increased cardiomyocyte proliferation but blocked 

regeneration, suggesting the spatio-temporal pattern of Vegfaa expression after injury is 
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essential for proper cardiac repair. These findings suggest that the therapeutic use of 

Vegfa and potentially other mitogens may require careful localization and titration to 

preserve endogenous gradients of expression.   

 

3.3 Results and discussion 

3.3.1 Vegfaa is maintained in epicardial tissue during heart 

development 

Vegfaa is necessary for early vascular development in zebrafish (Rossi et al., 2015), 

but to date it is unclear when and in what tissues the vegfaa gene is expressed. To identify 

the expression domain of vegfaa in zebrafish, we generated a BAC transgenic line with 

vegfaa regulatory sequences driving the expression of a fluorescent reporter, vegfaa:EGFP. 

While data from mouse indicate that Vegfa expression from cardiomyocytes is necessary 

for cardiac development (Giordano et al., 2001), we do not observe GFP expression in 

cardiomyocytes at any stage of zebrafish development. Instead, vegfaa:EGFP co-localizes 

with the epicardial reporter tcf21:DsRed during development and homeostasis (Figure 7A-

C).  
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Figure 7: Expression of a transgenic BAC reporter of vegfaa is restricted to the 
epicardium and cardiac valves throughout development 

(A) Deep optical section of a vegfaa:EGFP; tcf21:DsRed heart from a 7 dpf larval zebrafish.  

(B) Tissue section of a vegfaa:EGFP; tcf21:DsRed heart from a 4 wpf juvenile zebrafish.  

(C) Tissue section of a vegfaa:EGFP; tcf21:DsRed heart from a 12 wpf adult zebrafish. 
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GFP signal is also present in the tcf21-negative cardiac valves. Despite the absence of 

coronary vasculogenesis until 6-8 weeks post-fertilization (Harrison et al., 2015), vegfaa 

regulatory sequences are active as early as 7 days post-fertilization. Notably, the zebrafish 

ventricle, but not the atrium, develops a coronary vasculature. While areas of vegfaa:EGFP 

expression are sometimes seen in the areas of the atrial epicardium closest to the atrio-

ventricular valve, expression is relatively specific to the ventricle (Appendix B, Figure 15). 

These data indicate that vegfaa is expressed continuously in the zebrafish epicardium 

throughout development and adulthood. 

 

3.3.2 Vegfaa expression is dynamic with cardiac myogenesis 

We next sought to determine how expression of vegfaa varies during periods of 

cardiac growth and regeneration. A previous report has shown that vegfaa transcription is 

upregulated rapidly after cryoinjury, with expression peaking at 1 dpi (Marín-Juez et al., 

2016). To see whether this is recapitulated in a apical resection model, we collected and 

imaged resected vegfaa:EGFP hearts at 3, 7, and 30 dpi (Figure 8A-D). Vegfaa:EGFP 

expression was maintained in the entire epicardium at all time points, but by 3 dpi, EGFP+ 

cells could be seen after staining with an anti-GFP antibody both within the injury site 

and closely apposed to the surviving cardiomyocytes at the wound edge. This expression 

pattern could also be detected at 7 dpi but was largely absent by 30 dpi. In contrast to 

uninjured hearts, where vegfaa:EGFP expression is restricted to tcf21+ epicardial cells and
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Figure 8: vegfaa expression is upregulated during periods of cardiac regeneration
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(A-D) Tissue sections of vegfaa:EGFP adult hearts immunostained with anti-troponin T 

and anti-GFP antibodies that are uninjured (Uninj), 3 dpi, 7 dpi, and 30 dpi, respectively. 

White boxes show magnified area. 

(E-F) Tissue sections of vegfaa:EGFP adult hearts showing native fluorescence without 

anti-GFP immunostaining that are uninjured (Uninj) and 3 dpi, respectively. White boxes 

show magnified area.  

(G) Tissue section of vegfaa:EGFP; flk1:DsRed adult heart immunostained with anti-DsRed 

and anti-GFP antibodies 7 days after apical resection. White arrows indicate 

GFP+/DsRed+ cells.  

(H, I) Tissue sections of cmlc2:CreER; bact:BS-nrg1; vegfaa:EGFP adult hearts 14 days after 

treatment with vehicle or tamoxifen, respectively. Hearts were stained with anti-GFP 

antibody to improve signal. White arrows show GFP+ cells in the interior of the ventricle 

consistent with endocardium. 

 

the cardiac valves, these wound-edge EGFP+ also expressed the endocardial reporter 

flk1:DsRed (Figure 8F). Dual-positive vegfaa:EGFP; flk1:DsRed cells were not observed in 

areas of the heart distant from the injury site. Our results indicate that the expression of 

vegfaa after ventricular resection is dynamic and includes an injury-specific domain in the 

local endocardium shortly after resection.  
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The regenerative program in the zebrafish heart is activated after injury and 

stimulates cardiomyocyte proliferation to restore organ integrity. We asked whether 

endocardial vegfaa expression is a specific to cardiac injury (for instance, to restore lost 

coronary vessels) or, instead, part of the pro-growth milieu that drives cardiomyocyte 

division. Recently, the molecular Neuregulin1 (Nrg1) has been shown to promote 

cardiomyocyte proliferation even in the absence of injury. We took advantage of this 

property to examine vegfaa:EGFP expression in Nrg1-overexpressing hearts. We treated 

cmlc2:CreER; bactin2:loxP-tagBFP-STOP-loxP-Neuregulin1 (bact2:BS-nrg1); vegfaa:EGFP fish 

with tamoxifen and collected their hearts 14 days later. While vehicle-treated hearts had 

GFP signal only in the epicardial domain, hearts treated with tamoxifen showed GFP+ 

cells in the interior of the heart, similar in appearance to those observed after ventricular 

resection. These results situate endocardial Vegfaa expression as an injury-independent 

component of zebrafish heart regeneration.  

 

3.3.3 Vegfaa stimulates spontaneous cardiac myogenesis 

Mutant lines lacking functional vegfaa and cxcr4 genes exhibit abnormal coronary 

vessels and thin ventricular walls (Harrison et al., 2015; Marín-Juez et al., 2016), 

suggesting that vasculogenic factors may influence cardiomyocyte proliferation during 

development.  However, it is not clear if coronary vessels or vasculogenic growth factors 

are responsible for cardiac growth or simply play a supporting role. Having established 
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that Vegfaa is up-regulated during regeneration and required for successful resolution of 

the ventricular resection, we next tested the sufficiency of Vegfaa to promote 

cardiomyocyte proliferation. To this end, we constructed a transgenic line to conditionally 

express Vegfaa using the b-actin2 promoter,  bactin2:loxP-tagBFP-STOP-loxP-Vegfaa 

(bact2:BS-vegfaa). In combination with a cardiomyocyte-specific, tamoxifen-inducible Cre 

recombinase line, cmlc2:CreER, recombination results in the constitutive expression of 

Vegfaa from cardiomyocytes (Appendix B, Figure 16B, C).  

We first examined the effect of Vegfaa over-expression on coronary vascular 

development and cortical muscle formation. When cmlc2:CreER; bact2:BS-vegfaa; fli1:GFP 

fish are treated with tamoxifen at 4 weeks post-fertilization (wpf), by 6 wpf their hearts 

exhibit enlarged coronaries that cover a greater extent of the ventricular surface than 

vehicle-treated clutchmates (Figure 9A, B). This increase in coronary vessel formation is 

accompanied by precocious emergence of the cortical muscle layer of the ventricular wall. 

Normally beginning near the cardiac base at 6 wpf and slowly enveloping the ventricular 

wall by 12 wpf, the cortical muscle layer of hearts recombined at 4 wpf fully covers the 

ventricle by 6 wpf and is markedly thicker than in wildtype adults by 8 wpf (Figure 9C-

F). We also note that the atrium, which does not ordinarily express Vegfaa from any tissue, 

becomes similarly enlarged and thickened.  These findings support the conclusion that 

Vegfaa is sufficient to drive both coronary angiogenesis and myocardial expansion in the 

developing juvenile heart.   
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Figure 9: Vegfaa promotes muscle growth through cardiomyocyte proliferation 



 

  

    70 

(A, B) Whole-mount images of cmlc2:CreER; bact2:BS-vegfaa; fli1:GFP hearts collected at 6 

wpf after treatment with vehicle (A) or tamoxifen (B) at 4 wpf. 

(C, D) Section images of cmlc2:CreER; bact2:BS-vegfaa; fli1:GFP hearts collected at 6 wpf 

after treatment with vehicle (C) or tamoxifen (D) at 4 wpf. Cardiomyocytes were 

immunostained with an anti-troponin T antibody. The magnified area is shown with a 

dashed box. 

(E, F) Section images of cmlc2:CreER; bact2:BS-vegfaa; fli1:GFP hearts collected at 8 wpf 

after treatment with vehicle (E) or tamoxifen (F) at 4 wpf. Cardiomyocytes were 

immunostained with an anti-troponin T antibody. The magnified area is shown with a 

dashed box. 

(G, H) Section images of cmlc2:CreER; bact2:BS-vegfaa; fli1:GFP adult hearts collected 30 

days after treatment with vehicle (G) or tamoxifen (H). Cardiomyocytes were 

immunostained with an anti-troponin T antibody. 

(I-J) Section images of cmlc2:CreER; bact2:BS-vegfaa adult hearts collected at 14 days after 

treatment with vehicle (I) or tamoxifen (J). Cardiomyocytes were immunostained with an 

anti-MEF2 antibody and proliferating cells were marked with an anti-PCNA antibody. 

Arrows mark MEF2+, PCNA+ cells.  

(K) Graph comparing the cardiomyocyte proliferation index (ratio of MEF2+, PCNA+ cells 

to total MEF2+ cells) of vehicle- and tamoxifen-treated animals. 



 

  

    71 

(L-M) Whole-mount images of cmlc2:CreER; bact2:BS-vegfaa; cmlc2:mCherry-zCdt1; 

cmlc2:Venus-hGeminin hearts treated with vehicle (L) or 4-HT (M) at 2 dpf and collected at 

6 dpf. Proliferating cells in S/G2/M phase express Venus-hGeminin and appear green. (N) 

Graph comparing the cardiomyocyte proliferation index (ratio of Venus-hGeminin+ cells 

to total labeled cells) of vehicle- and tamoxifen-treated animals. 

(O, P) Section images of cmlc2:CreER; bact2:BS-vegfaa; LENP2:EGFP adult hearts collected 

14 days after treatment with vehicle (O) or tamoxifen (P). Cardiomyocytes were 

immunostained with an anti-troponin T antibody. Arrows indicate domain of GFP+, 

LENP2-expressing cells. 

 

Based on our juvenile experiments, it was possible that Vegfaa over-expression 

merely accelerates an existing phase of cardiac growth. Accordingly, we next examined 

the effect of constitutive Vegfaa expression on adult hearts. Like juvenile hearts, adult 

cmlc2:CreER; bact2:BS-vegfaa; fli1:GFP hearts treated with tamoxifen had markedly 

enlarged ventricular walls when examined 30 days after recombination (Figure 9G, H). 

The effect of Vegfaa on myocardial expansion was reflected in the number of MEF2+; 

PCNA+ proliferating cardiomyocytes (Figure 9I, J). In vehicle-treated hearts, the 

proliferation index (ratio of MEF2+; PCNA+ cells to total MEF2+ cells) was 1.86 ± 0.35% 

(mean ± s.e.m., n = 10). By contrast, the proliferation index of tamoxifen-treated hearts was 

9.67 ± 1.37% (mean ± s.e.m., n = 8) (Figure 9K). In addition, there was a large increase in 
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MEF2-; PCNA+ non-cardiomyocyte cells, particularly at the outermost layer of the heart, 

which likely comprised a combination of coronary vessel and epicardial cells. 

We sought to determine whether the effect of Vegfaa over-expression was 

mediated through its effect on the growth of coronary vessels which then, in turn, provide 

some growth signal to promote cardiomyocyte proliferation. To do so, we used a 

previously published set of transgenic lines based on the FUCCI (Fluorescent 

Ubiquitination-based Cell Cycle Indicator) system to assess whether over-expressing 

Vegfaa in the larval zebrafish could stimulate cardiomyocyte cell cycling (Choi et al., 

2013). As coronary vessels do not form until several weeks later, we reasoned that any 

coronary-supplied mitogen would be absent in this context. When cmlc2:CreER; bact2:BS-

vegfaa embryos also expressing the FUCCI transgenes (cmlc2:mCherry-zCdt1; cmlc2:Venus-

hGeminin) were treated at 3 dpf with 4-hydroxytamoxifen (4-HT) to induce Vegfaa over-

expression, we observed markedly increased fractions of Venus+ (S/G2/M-phase) 

cardiomyocytes at 7 dpf (22.87 ± 12.13%; mean ± s.e.m, n = 14) compared to vehicle-treated 

control animals (3.34 ± 4.27%; mean ± s.e.m., n = 10) (Figure 9L-N). This suggests that 

coronary vessels may not be required for the effect of vegfaa over-expression on 

cardiomyocyte proliferation. 

Given the parallels between the Vegfaa over-expression phenotype and that of 

Nrg1, we asked whether Vegfaa was similarly capable of activating gene expression 

programs associated with cardiac regeneration. Recently an enhancer of leptin b has been 
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identified that activates gene expression specifically during regeneration when combined 

with a minimal promoter (LENP2) (Kang et al., 2016). While cmlc2:CreER; bact2:BS-vegfaa; 

LENP2:GFP fish treated with vehicle do not show cardiac GFP expression at 14 days post-

induction (dpi), tamoxifen-treated hearts contain GFP+ cells in the outermost non-

cardiomyocyte layer of the ventricle (Figure 9O, P).  

 

3.3.4 Vegfaa over-expression activates the adult epicardium 

Having observed the effect of Vegfaa on coronary angiogenesis and 

cardiomyocyte proliferation, we sought to determine what tissue or tissues might mediate 

this process. The response of coronary vessels to Vegfa, many of which express its 

canonical receptor VEGFR2 (also known as Flk1), has been well-described (Tomanek et 

al., 1999; Wu et al., 2012). However, the connection between coronary angiogenesis and 

muscle growth is less clear. We first examined the epicardium, which has been shown to 

provide growth signals to cardiomyocytes and whose derivatives contribute to new 

coronary vessel formation. To test whether Vegfaa overexpression activates a regenerative 

program in the epicardium, we performed in situ hybridization for raldh2 mRNA. Similar 

to Nrg1, we observed a thin layer of strong signal at the periphery of the heart consistent 

with epicardium after 14 days of transgenic Vegfaa overexpression in cmlc:CreER; 

bact2:BS-vegfaa fish (Figure 10A, B). We next crossed cmlc:CreER; bact2:BS-vegfaa fish with 

the tcf21:DsRed reporter line. At 14 dpr, we saw a dramatic expansion of the DsRed+ 
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population in the ventricular wall (Figure 10C, D). Notably, the DsRed+ layer was 

considerably thicker than the raldh2+ layer, suggesting that not all of the DsRed+ 

population is bona fide epicardium; instead, these may represent epicardium-derived cells 

such as smooth muscle and pericytes in which DsRed translated in epicardial cells persists 

after differentiation.  
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Figure 10: Vegfaa activates the epicardium and up-regulates markers of EMT 

(A, B) Section images of in situ hybridization experiments assessed for raldh2 expression 

in vehicle-treated (A) or tamoxifen-treated (B) cmlc2:CreER; bact2:BS-vegfaa hearts 14 days 

later.  

(C, D) Tissue section images of ventricles from cmlc2:CreER; bact2:BS-vegfaa; tcf21:DsRed 

adult hearts treated with vehicle (C) or tamoxifen (D) and collected 14 days later.  
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(E-I) Section images of in situ hybridization experiments assessed for snai2 (E, F); twist1 

(G, H); and pdgfrb (I, J). Hearts were treated with vehicle (E, G, I) or tamoxifen (F, H, J) 

and collected at 14 dpi. 

 

One mechanism through which Vegfaa may exert its influence on the epicardium 

and, indirectly, on cardiomyocytes is by inducing epithelial-to-mesenchymal transition 

(EMT) in epicardial cells. Indeed, when the induction of epicardial EMT is blocked by 

expression of dominant-negative Fgfr1 after injury, both coronary angiogenesis and 

cardiac regeneration fail (Lepilina et al., 2006). To test this hypothesis, we examined the 

EMT-associated genes snai2, pdgf, and twist1 by in situ hybridization. At 14 dpr, mRNA 

for each of these genes is found in the expanded ventricular wall of cmlc:CreER; bact2:BS-

vegfaa hearts, while none were detected in un-recombined hearts of the same genotype 

(Figure 10E-J). Taken together, these data are consistent with a model where Vegfaa 

activates a regenerative program in the epicardium and induces widespread epicardial 

EMT that supports coronary angiogenesis and muscle growth into the expanding 

ventricular wall.  

 

3.3.5 Ectopic vegfaa over-expression inhibits regeneration 

Ultimately, the goal of identifying cardiac mitogens is to develop therapies to 

promote cardiac regeneration. The sufficiency of Vegfaa to induce spontaneous muscle 
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growth in zebrafish raises this tantalizing prospect. Accordingly, we sought to determine 

whether Vegfaa can improve regeneration after injury. We recombined cmlc:CreER; 

bact2:BS-vegfaa fish and, 7 days later, performed ventricular resection. Surprisingly, when 

we examined the hearts at 30 dpa (37 days after recombination), regeneration had been 

blocked in tamoxifen-treated fish. (Figure 11A-C). This was not due to a failure to 

stimulate cardiomyocyte proliferation: we performed MEF2/PCNA staining of tamoxifen- 

and vehicle-treated hearts at 7 dpa and observed similar amounts of proliferating 

cardiomyocytes both at the wound site and in distant parts of the ventricle (Figure 11D, 

E).  Taken together, these data indicate that, despite its pro-proliferative effect, 

regeneration is blocked in the context of global Vegfaa overexpression from 

cardiomyocytes. 
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Figure 11: Vegfaa overexpression blocks regeneration despite increasing 
cardiomyocyte proliferation. 

(A, B) Section images of cmlc2:CreER; bact2:BS-vegfaa; fli1:EGFP adult hearts from animals 

that were treated with vehicle (A) or tamoxifen (B) and, 7 days later, underwent resection 

of the ventricular apex. Hearts were collected at 30 dpa. Cardiomyocytes were marked 

with an anti-troponin T antibody (cTnT). Magnified areas are marked with dashed boxes. 

Wound area is marked with a dashed curve.  
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(C) Plot showing degree of regeneration in vehicle- vs. tamoxifen-treated hearts. Scoring 

was performed in a blinded fashion. The inter-group difference was significant with a p-

value of 1.51 x 10-9.  

(D, E) Section images of cmlc2:CreER; bact2:BS-vegfaa adult hearts from animals treated 

with vehicle (D) or tamoxifen (E) and, 7 days later, underwent resection of the ventricular 

apex. Hearts were collected at 7 dpa. Cardiomyocytes were labeled with an anti-MEF2 

antibody and proliferating cells were labeled with an anti-PCNA antibody. Magnified 

areas near the injury site (blue dashed box) and distant from the injury (green dashed box) 

are shown. 
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3.4 Conclusion 

Here, we have used a transgenic reporter of vegfaa expression and an inducible 

Vegfaa overexpression system to show that Vegfaa is dynamically expressed during 

cardiac regeneration and serves as a cardiac mitogen. Vegfaa expression is up-regulated 

rapidly after injury and expands its expression domain to include the endocardium local 

to the wound site. While we cannot exclude that Vegfaa acts directly on cardiomyocytes 

to stimulate cell cycling, we provide evidence that it promotes epicardial EMT and 

expansion of coronary vessels, which may then in turn provide growth factors to 

cardiomyocytes such as Nrg1. The necessity of coronary vessels to mediate this effect is 

called into question by our finding that Vegfaa promotes cardiomyocyte proliferation 

even in larval zebrafish hearts that are weeks away from developing a coronary 

vasculature. Finally, we have shown that Vegfaa over-expression inhibits regeneration 

in spite of its stimulation of cardiomyocyte proliferation.  

The dramatic effects of ectopic Vegfaa expression stand in contrast to the 

relatively consistent pattern of vegfaa expression seen during development. Given the 

qualitative nature of the vegfaa:EGFP reporter, quantification of vegfaa transcription by 

quantitative PCR during juvenile development will be important to determine whether 

levels of Vegfaa increase prior to or during formation of the cortical muscle layer. In the 

same vein, by suppressing Vegfa signaling with a heat shock-inducible dominant-

negative Vegfaa transgenic line (Marin-Juez et al., 2016), we can assess whether Vega 
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signaling is necessary for cortical layer emergence. Similarly, this dominant-negative 

tool can be used to probe whether continued expression of vegfaa helps to maintain the 

coronary vasculature and cortical muscle.   

Perhaps the most unexpected finding reported here is the inability of Vegfaa-

overexpressing hearts to properly regenerate after injury. While the ventricular wall 

expands throughout the chamber as in uninjured hearts, large gaps remain in the 

myocardium at the amputation site. As we have shown, the failure to regenerate is not 

due to failure of cardiomyocytes to proliferate, in contrast to other models of blocked 

regeneration in zebrafish (Poss et al., 2002; Kikuchi et al., 2011; Gemberling et al., 2015). 

An important clue appears to be the endogenous expression pattern of vegfaa after 

injury: local up-regulation in the endocardium. We speculate that this change in 

expression domain established a morphogenetic gradient that guide revascularization 

and muscle growth into the wound site. By expressing Vegfaa from all cardiomyocytes, 

we effectively disrupt that gradient and prevent proper orientation of vessel and muscle 

growth. One way to test this hypothesis would be to use a gata4:CreER transgenic line 

such that only cardiomyocytes proliferating near the wound site express Vegfaa. This 

would provide a more localized, limited expression pattern that may preserve and 

perhaps augment the native gradient we observe during normal heart regeneration.  

Given its demonstrated effect on epicardial expansion, it is also possible that the 

effect of Vegfaa mis-expression is mediated through that tissue. It has been established 
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that an intact epicardium is necessary for normal heart regeneration (Wang et al., 2016), 

so dysregulation of epicardial expansion during regeneration by Vegfaa mis-expression 

may have similar results. To delineate the mechanism underlying such an effect would 

require identifying a hypothetical epicardial-to-cardiomyocyte mitogen (of which Nrg1 

is one candidate), the first step would be to determine whether epicardial regeneration is 

disrupted in Vegfaa-overexpressing hearts, either by in situ hybridization or co-

expression with a tcf21 transgenic reporter. 

Ultimately, our investigation of the role of Vegfaa during development and 

regeneration has underlined a crucial concept in regeneration biology: growth and 

morphogenesis represent two linked but distinct aspects of regeneration that must be 

considered carefully in the context of developing regenerative therapies. Delivery of a 

cardiac mitogen to injured myocardium, whether Vegfa, Nrg1, or others yet to be 

identified, may be doomed to failure if it adversely affects endogenous morphogenetic 

gradients that direct tissue growth. Thus, it may be worthwhile to revisit previous 

candidates for regenerative therapy to test whether local application of a mitogen or set 

of mitogens, at a prescribed dose, for a set duration, can improve recovery of muscle and 

function. 

 

3.5 Experimental Procedures 

Zebrafish 
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Male and female wild-type or transgenic zebrafish of the EK/AB strain of the 

indicated ages were used for all experiments. All transgenic strains were analyzed as 

hemizygotes. Published transgenic lines used in this study were: tcf21:DsRed 

[TgBAC(tcf21:DsRed2)pd37] (Kikuchi et al., 2011); flk1:DsRed [Tg(flk1:DsRed2)pd27] (Kikuchi 

et al., 2011); hsp:dnvegfaa [Tg(hsp70l:dnvegfaa121-F17A)bns100] (Marin-Juez et al., 2016); 

cmlc2:mCherry-zCdt1 [Tg(cmlc2:mCherry-zCdt1)pd57]; cmlc2:Venus-hGeminin 

[Tg(cmlc2:Venus-hGeminin)pd58] (Choi et al., 2013); fli1:EGFP [Tg(fli1a:EGFP)y1] (Lawson and 

Weinstein, 2002); cmlc2:CreER [Tg(cryaa:DsRed,-5.1myl7:Cre-ERT2)pd10] (Kikuchi et al. 

2010); bactin2:loxp-mCherry-STOP-loxp-DTA [Tg(bactin2:loxP-mCherry-STOP-loxP-

DTA176)pd36] (Wang et al., 2011); gata4:EGFP [Tg(gata4:EGFP)ae1] (Heicklen-Klein and 

Evans, 2004); tcf21:NTR-mCherry [TgBAC(tcf21:mCherry-NTR)pd108]] (Cao et al., 2015); 

bact2:BS-nrg1 [Tg(bactin2:loxP-TagBFP-STOP-loxP-Neuregulin1)pd107 (Gemberling et al., 

2015); and gata4:CreER [Tg(-14.8gata4:ERT2-Cre-ERT2)pd39] (Kikuchi et al., 2010).  

To induce expression of vegfaa, adult cmlc2:CreER; bact2:BS-vegfaa zebrafish were 

treated for 24 hours with 5 µM tamoxifen (Sigma-Aldrich, St. Louis, MO) in fish water 

diluted from a 1 mM stock made in 100% ethanol. To induce local expression of vegfaa 

after injury, gata4:CreER; bact2:BS-vegfaa were treated 5 days after ventricular resection for 

16 hours with 5 µM 4-hydroxytamoxifen (Sigma-Aldrich, St. Louis, MO). To induce 

expression of nrg1 in cardiomyocytes, adult cmlc2:CreER; bact2:BS-nrg1 were treated for 

24 hours with 5 µM tamoxifen as described above. For larval experiments, cmlc2:CreER; 



 

  

    84 

bact2:BS-vegfaa; cmlc2:mCherry-zCdt1; cmlc2:Venus-hGeminin embryos were treated with 10 

µM 4-hydroxytamoxifen for 4 hours at 3 dpf. 

Ventricular resection surgeries were performed as described previously (Poss et 

al., 2002). Work with zebrafish was performed according to an approved institutional 

animal care and use committee (IACUC) protocol (A100-12-04) at Duke University. 

 

Construction of vegfaa:EGFP transgenic zebrafish 

The translational start codon of vegfaa in the BAC clone CH211-169N14 (BACPAC 

Resources Center) was replaced with the EGFP sequence by Red/ET recombineering 

technology (GeneBridges). The 5’ and 3’ homologous arms for recombination were 50 bp 

fragments upstream and downstream of the start codon, respectively, and were 

synthesized as oligonucleotides to flank the EGFP sequence after PCR. The final BAC was 

purified with a Nucleobond BAC 100 kit (Clontech) and co-injected with meganuclease 

into one-cell-stage zebrafish embryos. The full name of this transgenic line is 

TgBAC(vegfaa:EGFP).  

 

Construction of bact2:BS-vegfaa transgenic zebrafish 

vegfaa cDNA was amplified with the following primers (Forward 5’-XXX-3’, 

Reverse 5’-XXX’-3’) and subcloned into the XX/XX site of the bactin2:loxP-TagBFP-STOP-

loxP vector (Gupta et al., 2013). This construct was co-injected into one-cell-stage wildtype 
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embryos with I-SceI. The full name of this transgenic line is Tg(bactin2:loxP-mTagBFP-

STOP-loxP-vegfaa)pdXX. 

 

Histological analysis and imaging 

Probes for snai2, pdgfab, twist1, raldh2, and vegfaa were generated from 6 dpf 

zebrafish cDNA by using the primer sequences XX. In situ hybridization probes were 

prepared and hybridizations were performed with the aid of an InSituPro robot (Intavis) 

as described (Wang et al., 2011). Primary and secondary antibody staining for 

immunofluorescence was performed as described (Kikuchi et al., 2011). Primary 

antibodies used in this study were anti-PCNA (mouse; Sigma) at 1:200, anti-Mef2 (rabbit; 

Santa Cruz Biotechnology) at 1:75, anti-troponinT (mouse; Thermo) at 1:150, and anti-GFP 

(rabbit; SOURCE?) at 1:200. Confocal imaging was performed using Zeiss LSM 700 and 

LSM 510 confocal microscopes. Mef2/PCNA imaging to assess cardiomyocyte 

proliferation was performed and quantified as described (Kikuchi et al., 2011). 

Regenerates were scored in a blinded fashion on a scale from 1 to 3 after staining for Tnnt 

as described (Mahmoud et al., 2015).  

 

Quantitative PCR  

RNA was extracted from whole ventricles of wildtype EK fish either uninjured or 

3 days post-injury with Trizol, with 4 chambers pooled for each sample. cDNA was 
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transcribed using a Transcriptor First Strand cNDA synthesis kit (Roche), and quantitative 

PCR was performed using Roche SYBR Green Master Mix and a Roche LightCycler 480 

system. Previously published primer sequences were used for vegfaa and 18s (Marin-Juez 

et al, 2016). Primer efficiencies were verified to be between 1.95 and 2.05. All experiments 

were performed using biological and technical replicates. vegfaa levels were normalized 

to 18s levels for each sample. 

 

Heat-shock experiments 

Adult or juvenile wildtype and hsp:dnvegfaa fish were heat-shocked daily at 37°C 

as described previously (Lee et al., 2005). For juvenile animals, heat shocks were 

administered from 4 wpf to 8 wpf. For experiments on the homeostatic role of vegfaa, 

heat shocks were administered for 30 days. For experiments on the regenerative role of 

vegfaa, animals were heat-shocked one day prior to injury, with 24 hours of recovery, 

then 30 days after injury. 
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4. Discussion 

Chamber maturation, the period between linear heart tube formation and the 

adoption of the adult cardiac structure, is a time of growth and change that allows the 

vertebrate heart to keep pace with the increasing hemodynamic demands of the 

developing organism. The structural variation among vertebrate species, from chamber 

number and arrangement to wall thickness and vascularity, is a testament to the specific 

adaptations the heart requires to fulfill its function. Despite their clear importance to the 

development of the organism, the processes underlying chamber maturation are not well 

understood. We know that genetic differentiation of chamber cardiomyocytes occurs 

relatively early in development, but the cellular and molecular events that generate the 

distinct atrial and ventricular forms extend much further in developmental time. The 

relevance of studying chamber maturation is two-fold: by mapping the processes by 

which the chambers form, we can learn how and why they go wrong; and we can seek to 

reactivate them to grow new heart tissue.  

Here, I have presented a high-resolution map of the cellular mechanisms that give 

rise to zebrafish atrium, and I have identified Vegfaa as a cardiac mitogen in zebrafish, an 

insight based in part on the chamber-specificity of coronary vessel formation. Moving 

forward, I anticipate that careful investigation of chamber maturation, and cardiac 

development more broadly, will yield both a better understanding of the etiology of 

congenital heart defects and additional candidates for regenerative therapies. To this end, 
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I suggest the following areas of effort to further this endeavor: first, an investigation of the 

molecular mechanisms underlying the major morphogenetic events of atrial and 

ventricular maturation; second, the large-scale identification of chamber-specific genes 

and regulatory factors; and third, the further exploration of the role of Vegfa and other 

angiogenic factors in stimulating cardiac regeneration. 

 

4.1 The mechanistic basis of cellular behaviors during cardiac 
chamber maturation 

My work and that of others in the lab has provided a map of atrial and ventricular 

development using the priZm multicolor genetic labeling tool. We identified several major 

cellular events that contribute to the structural specialization of the cardiac chambers. In 

the atrium, these include the shift in cardiomyocyte morphology that results in a striking 

discontinuous, web-like morphology of the atrial myocardium, the formation of pectinate 

muscle fibers extending into the atrial lumen, and the emergence of hyper-expansive, 

clonally-related muscle patches that contribute large fractions of the atrial surface area. In 

the ventricle, this includes the envelopment of the primordial ventricular wall by cortical 

muscle cardiomyocytes originating in the trabeculae. Each of these phenomena warrant 

further study to identify the molecular mechanisms that initiate and guide them. 
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4.1.1 Formation of a webbed atrial myocardium 

Two questions arise from the surprising finding that the zebrafish atrial 

myocardium adopts a discontinuous, webbed morphology during juvenile development. 

First, what causes it to happen, and second, why does it occur when it does? A clue to the 

former lies in the change in cardiomyocyte morphology that we observed thanks to the 

single-cell resolution of the priZm labeling system. Atrial cardiomyocytes prior to 14 dpf 

are immature-looking, with a squamous morphology, disorganized intracellular 

structures, and broad cell-cell contacts that compose a continuous layer of myocardium. 

In contrast, by 14 dpf, individual cardiomyocytes in the atrium are more rod-like and 

branched, with organized sarcomeres and more limited cell-cell contacts between adjacent 

cells. In aggregate, this shift produces a myocardium with substantial gaps. Based on these 

findings, it is likely that cardiomyocyte maturation underlies atrial webbing. 

There are several possible ways to assess whether and how atrial cardiomyocytes 

mature during this early juvenile phase. While certain aspects of cardiomyocyte 

maturation in mammals—for instance, multinucleation and polyploidy—are not 

observed in zebrafish, others would be relatively simple to test (Yang et al., 2014). Patch-

clamp experiments (Benz et al., 2016) on 7 dpf and 14 dpf atria would be useful to 

determine if the electrophysiology of atrial cardiomyocytes (effectively, the summation of 

changes in ion channel expression and activity) shifts significantly during this period. The 

distribution of gap junction proteins, which are circumferentially arrayed in immature 
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cardiomyocytes but localized to intercalated discs later in development, could be assessed 

using antibodies against developmentally-regulated connexins  (Hirschy et al., 2006). 

Additionally, electron microscopy could be used to observe changes in sarcomeric 

structure at this stage of development.  

If a form of cardiomyocyte maturation is indeed what is occurring in the webbed 

atrial myocardium, the next question is what drives this process. The natural history of 

cardiac development suggests one answer: changing hemodynamic demands on the 

atrium. The role of the atrium is to serve as a reservoir for ventricular filling during 

diastole and as such its volume is its most important parameter. Humans with atrial 

fibrillation function relatively well with no coordinated atrial contraction, and zebrafish 

weak atrium mutants survive into adulthood with a completely non-contractile atrium 

(Berdougo et al., 2003). As chamber contractility is a function of wall thickness, the 

webbed atrial myocardium may be an adaptation that privileges volume expansion over 

contractile force. This is rendered more plausible by the extremely low ventricular 

diastolic pressure against which the atrium must contract (Hu et al., 2000). To test this 

hypothesis, one could increase pressure in the atrium to see if webbing becomes less 

prominent or absent. Pharmacologic manipulation would be an excellent way to do this; 

however, most common vasopressors used in mammals are not well developed in the 

zebrafish. Another option is to render the atrio-ventricular valve incompetent either 

genetically (jekyll mutants) or pharmacologically (FK506) to increase blood regurgitation 
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into the atrium during systole (Beis et al., 2005; Chang et al., 2004). Alternatively, one 

could selectively restrict cardiomyocyte proliferation in the atrium (perhaps with a Cre-

inducible cyclin-dependent kinase inhibitor or other cell cycle regulator) to determine 

whether webbing occurs when proliferation is not an option to increase volume. These 

experiments would serve to link atrial webbing to the naturally increasing hemodynamic 

demands of the developing heart. 

At a more granular level, it would also be interesting to learn the genetic basis of 

atrial cardiomyocyte maturation in this context. Single-cell RNA sequencing of 7 dpf and 

14 dpf atria would be the most straightforward way to compare gene expression changes 

during this period. While this would likely generate an impressive list of differentially-

expressed genes, the key would be to rationally select and test candidates for their role in 

atrial development. Biologically, the most interesting are likely to be transcription factors, 

which have the potential to be master regulators of the maturation process, and proteins 

associated with mechanotransduction. Once the genes of interest have been identified and 

validated by in situ hybridization, systematic mutation by CRISPR/Cas9 genome editing 

can be used as a secondary screen. The most efficient way to perform this screen would 

be to first generate a atrial-specific Cas9 expression line (e.g., amhc:Cas9) to restrict editing 

to atrial cardiomyocytes. If the editing efficiency is high enough, phenotyping could be 

performed in mosaic animals as early as 14 days post-injection, further improving 

throughput. The relatively simplicity of the phenotype (presence or absence of a webbed 
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atrium at 14 dpf) makes this an appealing strategy. While a webbed atrium may be a quirk 

of zebrafish physiology, using it to identify regulators of atrial cardiomyocyte maturation 

would be highly relevant to studying cardiac development in other organisms.   

 

4.1.2 Pectinate muscle formation 

Pectinate muscle strongly resembles its analogue in the ventricle, trabecular 

muscle. Both are internal networks of myocardial fibers in the cardiac lumen, and both 

provide some degree of contractile force on the chamber walls. To what degree each 

network has other functions in cardiac development and homeostasis is less certain. 

Trabecular muscle is thought to play a role in development of the cardiac conduction 

system (Jensen et al., 2013). In the zebrafish, it also serves as the origin of cortical muscle 

cardiomyocytes (Gupta and Poss, 2012). As the zebrafish atrial myocardium does not 

thicken, neither purpose applies to pectinate muscle. From a developmental standpoint, 

our finding that pectinate muscle formation occurs via a different mechanism than 

trabecular muscle further differentiates these structures. Having determined that 

pectinate fibers originate from the division of wall cardiomyocytes rather than the 

delamination of existing cardiomyocytes, what is the next step? 

Studying pectinate formation suffers from technical challenges that do not afflict 

the study of trabeculation. A good deal of what we know about trabeculae formation 

comes from live-imaging (Staudt et al., 2014). While trabeculae form as early as 2 dpf, 
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when the zebrafish is transparent and amenable to live imaging, pectinate muscle appears 

around 14 dpf, long after the fish has enlarged and become pigmented. Certain mutant 

lines, such as casper fish (White et al., 2008), remain translucent, and it is worth examining 

these to see if live-imaging of pectinate is feasible. This approach has some obstacles, 

however, such as the difficulty of combining transgenic reporters with the multiple-

mutation background that gives these fish their optical transparency. Moreover, the deep 

positioning of the atrium at this later stage of development may preclude imaging even 

with an optimal genetic background. Thus, a less direct approach to the study of pectinate 

formation is likely to be necessary.  

A logical first step would be to determine whether the signaling pathways that 

induce trabecular muscle formation serve a similar function for pectinate. The role of 

Nrg1/ErbB2 signaling, BMP10, and the Notch pathway are well-described in the ventricle 

(Chen et al., 2004; Chen et al., 2013; Grego-Bessa et al., 2007; Liu et al., 2010). Whether these 

pathways are active in the atrium during pectinate formation is not clear. As a first pass, 

chemical inhibitors such as AG1478 (ErbB2/4 inhibitor) or DAPT (Notch inhibitor) could 

be used around 10-14 dpf to determine whether they limit pectinate formation. However, 

these drugs are highly likely to have off-target effects that would be difficult to predict. A 

better tool would be a conditional knockout allele of the ErbB2 receptor in atrial 

cardiomyocytes or, less optimally, transgenic over-expression of a dominant-negative 

receptor. For the former, CRISPR/Cas9 genome editing with homologous recombination 
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can be used to flank critical coding sequences with loxP sites that, when combined with 

the existing amhc:CreER transgenic line, achieve the desired effect. The reverse would also 

be interesting: would over-expressing Nrg1 in the atrium prior to 14 dpf accelerate 

pectinate formation? The necessary transgenic lines already exist, making this experiment 

low-hanging fruit. 

If known pathways such as Nrg1 and Notch are not involved, it would be an 

exciting opportunity to investigate a new mechanism of cardiac morphogenesis. Again, 

the relatively late emergence of pectinate muscle complicated large-scale chemical or 

genetic screening, but the phenotyping would be straightforward. Rather than targeting 

factors that affect cardiomyocyte proliferation, I suspect genes regulating cell polarity and 

oriented cell division would yield better results. Fundamentally, our data suggest a model 

where atrial wall cardiomyocytes can divide either laterally to expand the wall surface 

area or radially to generate pectinate. This kind of decision shares some characteristics 

with basal epidermal cells in skin (Lechler and Fuchs, 2005), so factors regulating mitotic 

spindle orientation bear investigating. In addition to its intrinsic interest, the ability to 

manipulate pectinate formation would help clarify what, if any, other functions they serve 

during development and homeostasis.  
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4.1.3 Clonal dominance in the ventricular and atrial walls 

A somewhat surprising convergence between atrial and ventricular 

morphogenesis is the emergence in both chambers of ‘dominant’ patches of clonally-

related cardiomyocytes. The existence of these patches, elucidated by priZm multicolor 

lineage tracing, indicates that the cardiomyocytes that form the chamber walls do not 

proliferate and expand at equal rates. Despite this superficial similarity, there remain 

significant differences in how dominant clones arise in each chamber. In the ventricle, 

there is a ‘bottleneck’ effect where a very small number of trabecular muscle-derived 

cardiomyocytes breach the primordial wall (Gupta and Poss, 2012). These rare events 

result in a small number (8-12) of similar-sized clones that make up the cortical muscle 

layer. In contrast, the atrium does not form a cortical muscle layer, and we found that the 

atrial wall comprises a much larger number of clonally-distinct muscle patches (50-70), of 

which a very small number contribute large fractions of the atrial surface area. Thus, 

distinct mechanisms give rise to clonal dominance in the zebrafish cardiac chambers. 

Evidence from previous work in our lab suggests that the emergence of cortical 

muscle cardiomyocytes through the primordial ventricular wall is a stochastic response 

to biomechanical stress (Gupta et al., 2013). The most prominent unknown aspect of this 

phenomenon is the mechanism through which trabecular cardiomyocytes are ‘activated’ 

to proliferate and breach the primordial wall. While gata4 expression marks such cells, 

and blockade of Gata4 signaling with a dominant-negative transgene results in cortical 
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muscle agenesis and heart failure, it is not clear what lies upstream of gata4 in these 

cardiomyocytes. The spatial and temporal correlation between cortical muscle emergence 

and coronary vascular formation offers one attractive explanation. Our data indicate that 

precocious vegfaa expression accelerates muscle growth during development. It would be 

interesting to determine if the blockade of coronary vessel formation is sufficient to 

prevent cortical muscle emergence and phenocopy the dominant-negative gata4 

experiment. Though the precise mechanism of action is difficult to predict, it may be that 

stressed primordial cardiomyocytes promote coronary vessel formation which in turn 

stimulate cortical muscle proliferation. Alternatively, gaps in the primordial wall that 

arise due to biomechanical stress may expose adjacent trabecular cardiomyocytes to 

mitogens from the epicardium or coronary vessels. A good first step to test this hypothesis 

would to develop transgenic tools to specifically manipulate primordial cardiomyocytes 

or isolate them for gene expression analysis    

With respect to the atrium, it is unclear whether the observed heterogeneity of 

clonal expansion is stochastic or spatially determined. For the latter, it is plausible that 

different parts of the atrium experience different biomechanical stresses, which in turn 

may either increase or decrease local cardiomyocyte proliferation. Similarly, some areas 

of the atrial wall may be more likely to form pectinate muscle by radial cell division at the 

expense of lateral cell divisions that would expand the wall surface area. Technical 

limitations prevented a careful spatial analysis of atrial wall clones; however, modest 
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improvements in three-dimensional microscopy and image analysis would enable the 

preservation and mapping of key spatial relationships among clonal patches in the atrial 

wall. More difficult with current technology but more definitive, live imaging of atrial 

development would permit us to follow specific atrial clones from labeling at ~2-3 dpf 

through at least a few rounds of cell division. This would yield important insights into the 

patterns of cell division that generate clonal dominance and other characteristics of atrial 

wall composition. 

 

4.1.4 Ectopic expression of amhc in ventricular cardiomyocytes 

How and when cardiomyocytes become committed to a particular chamber 

identity is an ongoing question in the field of cardiac development. In zebrafish, lineage 

tracing studies have indicated that spatial organization of cardiac precursor cells occurs 

very early in development and that, by 40% epiboly, atrial and ventricular 

cardiomyocyte precursor populations are segregated (Keegan et al., 2004). The 

expression of amhc and vmhc are commonly understood as markers of atrial and 

ventricular cardiomyocyte identity in the zebrafish field, and expression of these genes 

is observed prior to heart tube formation (Yelon et al., 1999). The clarity of these genetic 

features is widely relied upon and forms the basis of a recently proposed model of larval 

heart regeneration, wherein a damaged ventricle is repaired by migratory atrial 
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cardiomyocytes that re-program to a vmhc-expressing ventricular identity (Zhang et al., 

2013). 

Our findings call in to question this model, whose lineage tracing evidence 

fundamentally rests upon the strict segregation of amhc expression to the atrium. Two 

separate amhc:GFP reporter lines, including one provided by the authors, exhibit amhc 

expression in ventricular cardiomyocytes, and we have also demonstrated that Amhc 

protein can be detected in the ventricle early in development. While Zhang et al. 

performed their lineage tracing and ablation later in development, when amhc 

expression appears downregulated, it is nevertheless possible that the cardiomyocytes 

that reconstitute the damaged ventricle arise from transiently amhc-positive ventricular 

cardiomyocytes. Improved genetic tools, for example a better-segregated atrial Cre 

recombinase and an ablation system that functions in animals older than 5 dpf, are 

essential to show that the regenerating cardiomyocytes are from a bona fide atrial lineage. 

Regardless of whether the larval regeneration model stands up to additional 

scrutiny, our finding that a subpopulation of ventricular cardiomyocytes transiently 

expresses amhc bears further investigation. One plausible explanation is that the 

topological boundary between atrium and ventricle—the AV canal—forms in a slightly 

different location along the heart tube than the genetic boundary between amhc and 

vmhc. The cardiomyocytes that experience a mismatch between the genetic identity and 

chamber location may respond to some signal or other by reprogramming to the 
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appropriate pattern of gene expression. It would be interesting to discover, then, 

whether there are any atrial cardiomyocytes that transiently express vmhc. The absence 

of such cells would support my boundary mismatch model. Alternatively, early amhc 

expression may be a feature of cardiomyocytes derived from the primary heart field, as 

the area of the ventricle that does not transiently express amhc is relatively similar to the 

second heart field contribution previously reported in zebrafish (Zhou et al., 2011). If 

existing tools that reduce the contribution of second heart field precursors were 

combined with our amhc labeling and lineage tracing tools, this hypothesis could be 

readily explored. 

 

4.2 Large-scale identification of chamber-specific genes and gene 
regulatory elements 

Underpinning each step in cardiac morphogenesis are networks of 

developmentally-coordinated genes that guide cell behavior. As noted previously, the 

assumption of chamber identity begins relatively early during heart tube formation, when 

the genes atrial myosin heavy chain (amhc) and ventricular myosin heavy chain (vmhc) can be 

detected in separate regions of the nascent organ (Yelon et al., 1999). However, these are 

just two of likely many genes whose expression is restricted to the atrium or ventricle. The 

chambers differ not only in the structural characteristics discussed above, but also in their 

electrophysiological properties, their mechanical properties, and their interactions with 
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non-cardiac tissues like nerves and vessels (Moorman and Christoffels, 2003). A more 

systematic discovery of chamber-specific factors and the regulatory networks that control 

their expression would serve a dual purpose: to highlight new pathways that contribute 

to the chambers’ structural and functional variation, and to generate new tools to 

manipulate chamber biology. 

4.2.1 Spatial and temporal variation of gene expression in the zebrafish 
heart  

An open question that we have only tangentially touched upon in the experiments 

reported here is how cardiomyocytes vary not only between chambers but also between 

regions within a single chamber. The binary atrium/ventricle schema that I have adopted 

in this work is clearly a simplification. This is most evident during early development, 

when amhc expression can be seen in a subpopulation of cardiomyocytes in the ventricular 

apex. Some of this heterogeneity appears to be lost as the heart matures, but differences 

remain. For example, though they express amhc, cardiomyocytes of the atrioventricular 

canal adopt a markedly different morphology than atrial wall cardiomyocytes and are 

readily distinguishable in priZm images. A more granular map of gene expression in the 

zebrafish heart would help identify other such micro-domains and their relevance to 

cardiac development and function.  

While such an analysis presents significant technical challenges, cutting-edge tools 

have made it more feasible than ever. In larval and juvenile stages, single cell RNA 
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sequencing is one way to approach this task (Jaitin et al., 2014). One could examine inter- 

and intra-chamber gene expression variation using amhc- or vmhc-based cell sorting and 

microfluidics to isolate individual atrial or ventricular cardiomyocytes. Isolation of single 

cells by enzymatic digestion is likely to be an obstacle, and one that prevents spatial 

localization of the RNA expression profiles, but the difficulty is practical rather than 

theoretical. In adult hearts, new techniques like RNA tomography offer the chance to 

directly associate RNA expression data with known locations within the heart (Junker et 

al., 2014). A recent study used this approach to study heart regeneration, so it would be 

relatively simple to adapt to looking at cardiac chamber expression patterns (Wu et al., 

2016). This type of data could provide insights into why clonally-dominant muscle 

patches arise in the atrium or how different areas of the chambers experience and respond 

to biomechanical forces.  

As interesting as spatial variation in cardiac chamber gene expression, a detailed 

study of temporal variation could address many questions about cardiac development. 

What are the gene expression changes that initiate or accompany cortical muscle 

formation in the ventricle? At a genetic level, what are the differences between a 

developing heart and an adult one at homeostasis? It is essential to carefully define the 

question being asked and the experimental parameters that best capture it to avoid being 

overwhelmed by data, but these types of studies are more feasible than ever. For both 

temporal and spatial gene expression patterns, the development of more and more 
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sophisticated transgenic and gene editing techniques will make it easier to functionally 

test the most promising candidates that arise out of these broad RNA sequencing 

experiments.  

4.2.2 Regulation of chamber-specific expression 

Atrial and ventricular cardiomyocytes share the same complement of genetic 

material. The cellular behaviors that distinguish them from each other, and from every 

other cell, is the product of gene regulation. Outside of early cardiogenesis, little is known 

about the regulatory elements—a broad category that can include transcription factors, 

enhancers, repressors, histone modifications, DNA methylation, and many others—that 

establish and maintain atrial and ventricular identity. A recently published study from 

our lab demonstrated that one particular modification, the histone variant H3.3, could be 

used to identify cardiomyocyte enhancers associated with regeneration (Goldman et al., 

2017). Briefly, by expressing a transgenic, biotinylatable H3.3 co-cistronically with an E. 

coli biotin ligase, the authors were able to perform chromatin immunoprecipitation with 

streptavidin-coated beads and isolate DNA sequences where H3.3. had been deposited.  

In the cell, H3.3 deposition is enriched in actively regulated regions of the genome, most 

notably (but not exclusively) enhancers. By taking advantage of this biological property, 

the authors identified large numbers of potential regeneration-associated enhancers 

which they subsequently validated using reporter assays. This in turn permitted them to 
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find transcription factor-binding motifs within the enhancer sequences. This technique, 

and others like it, are powerful new approaches to the study of gene regulation. 

The adaptation of this system to studying cardiac chamber biology is quite 

straightforward. By physically separating atria and ventricles prior to digestion and 

chromatin immunoprecipitation, one can generate H3.3 enrichment profiles specific to 

each chamber. Moreover, samples can be collected at different stages of development to 

assess temporal changes in gene regulation within chambers. In collaboration with Aaron 

Goldman, I performed a pilot experiment to determine what genes were most likely to be 

under the control of chamber-specific enhancer elements. Encouragingly, several of the 

top candidates from the atrial data are near genes that have already been linked to the 

atrium, including amhc, tnnc1b, and nr2f1a. In situ hybridization data has validated the 

atrial expression of these factors as well as the nerve/vessel guidance factor Sema3aa (data 

not shown). The next step will be to test the ability of the candidate enhancer sequences 

near these genes to activate reporter expression and to determine whether CRISPR/Cas9 

knockout of these sequences has a detectable phenotype.  

One question that such analyses could shed light on is whether and how genes 

typically associated with the atrium or with the developing heart are expressed in the 

regenerating ventricle. For reasons that are not entirely clear, the upregulation of fetal 

cardiac genes is a canonical feature of the failing mammalian heart (Dirkx et al., 2013). In 

the zebrafish, developmental factors like gata4 and atrium-associated genes like tnnc1b are 
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activated during regeneration. However, amhc remains atrium-specific (data not shown). 

It would be worthwhile to establish to what degree this is a general phenomenon and, if 

so, what regulatory factors coordinate such a response. 

 It is reasonable to ask what is the purpose of these large-scale studies on zebrafish 

cardiac chamber gene expression and regulation. Though they share many characteristics 

with mammalian hearts, zebrafish hearts are undoubtedly distinct. They do not undergo 

septation, compaction of the trabeculae does not occur, and the hemodynamic demands 

differ by orders of magnitude. Still, the fundamental questions ‘what makes an atrium an 

atrium’ and ‘what makes a ventricle a ventricle’ apply to mammalian hearts as much as 

they do to those of zebrafish. Additionally, genes identified in the somewhat-more-

tractable zebrafish often have mammalian counterparts that can then be targeted in 

murine or other models. This is less straightforward for enhancers, which often lack 

significant sequence homology, but recent work has suggested that enhancer sequences 

identified in the fish can interact with mammalian transcription machinery (Kang et al., 

2016). Thus, the zebrafish can be both an indirect and a direct source of tools for the study 

of mammalian cardiac chamber biology. 

 

4.3 The potential of vegfaa as a regenerative therapy 

Having identified Vegfaa as a cardiac mitogen in zebrafish, it is natural to 

wonder what potential it may have as a regenerative therapy in humans. Obviously, our 
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understanding of how Vegfaa exerts its pro-proliferative effect on cardiomyocytes is 

preliminary, and I refer to section 3.4 for a discussion of some of the experiments 

necessary to broaden that understanding. Beyond such mechanistic details, it is possible 

to anticipate pitfalls for Vegfa-mediated regeneration but also to learn some important 

lessons from them.  

The first pitfall to note is that coronary vessels formed during Vegfaa-

overexpression seem to be immature and leaky. Coronary vessels cover the ventricular 

surface of Vegfaa-overexpressing hearts, and the wall exhibits fibrin deposition 

consistent with extravasated blood (data not shown). The effect of Vegfa on vessel 

integrity is well known in cancer and macular degeneration and is the basis of the drug 

bevacizumab, a Vegfa-neutralizing antibody used to treat both diseases. On the one 

hand, this may be avoided by limiting the dose and duration of Vegfa delivery, such that 

native maturation factors can keep up with new vessel formation. On the other, there is 

some evidence that fibrin clots encourage cell migration after injury (Kim et al., 2010), so 

some degree of vessel immaturity may be important to guide regeneration.  

A second issue with Vegfaa-mediated cardiac growth in zebrafish is that it 

results in disorganized compact muscle and reduced cardiac function. Again, to some 

degree this is likely an artifact of constitutive over-expression; however, the health of 

Vegfaa-overexpressing fish seems notably worse than animals overexpressing Nrg1 for 

the same period. Swim tunnel assays would help to validate this observation 
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(Gemberling et al., 2015). Whether this effect is driven by differences in cardiomyocyte 

biology or simply by the excessive infiltration of coronary vessels within the compact 

muscle layer is not clear. If the effect of Vegfa on cardiomyocyte proliferation is 

inextricably linked to coronary vessel hyperplasia, and the balance of vessel growth to 

muscle growth prevents adequate muscle integrity, then it may be necessary to look to 

other cardiac mitogens. 

If Vegfa has these deleterious effects, what is its use as a regenerative therapy? I 

propose that there are two answers to this question. First, there are many options for 

gene or protein delivery, local and global, transient and sustained, that can be optimized 

to ameliorate the possible ill-effects of Vegfa treatment. Second, the optimal role of 

Vegfa after cardiac injury may be as a morphogen as much as a mitogen. If the local 

Vegfa gradient after injury is essential to regeneration, as our data suggest, then 

transient delivery of Vegfa to the wound site or infarct may improve wound healing by 

guiding cellular migration rather than, or in addition to, promoting cardiomyocyte 

proliferation. The idea of regeneration as the combination of both growth and 

morphogenesis is undervalued in the heart, with most research efforts focused on the 

former. The apparent separation of these two functions during Vegfa overexpression, 

then, is an important conceptual finding. Even if Vegfa itself turns out to have 

insurmountable barriers to therapeutic use, highlighting the need to consider 
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morphogenetic as well as mitogenic cues may prove essential to developing other 

regenerative therapies. 

 

4.4 Conclusion: bridging cardiac maturation and regeneration 

My work detailed here and other studies from the Poss lab have explored 

zebrafish cardiac chamber maturation and highlighted the unique morphogenetic 

processes that construct the atrium and ventricle. Using these insights, we identified 

Vegfaa as an instructive factor for zebrafish cardiac growth and regeneration. These 

findings emphasize the intuitive link between cardiac development and regeneration. 

Both combine cellular proliferation and tissue morphogenesis to form or re-form mature 

organ structure and function. It is no wonder, then, that so many pro-regenerative 

factors have been identified first from their role in development. With its accessibility to 

imaging, ever-increasing genetic toolset, and prolonged phase of cardiac growth, the 

zebrafish provides and will continue to provide a rich opportunity to study the 

mechanisms of cardiac maturation and discover new applications to regenerative 

medicine.  

  



 

  

    108 

Appendix A 

 

Figure 12: The myocardium, but not the epicardium, is discontinuous in the juvenile 
atrial wall 

(A) 3D reconstruction of a 14 dpf heart from an animal expressing the cmlc2:DsRed and 

cmlc2:EGFP-CAAX transgenes. Non-myocardial regions of atrial wall are indicated 

(dotted lines). 
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(B, C) Surface myocardium of 14 dpf hearts expressing bactin2:RSG and immunostained 

for Atrial myosin heavy chain (Amhc) or Laminin, respectively. A non-myocardial 

region of the atrial wall is indicated with dotted lines. Laminin immunofluorescence 

covers the entire atrial surface. Scale bars are 50 µm. 

(D-F) Surface of a 14 dpf heart from an animal expressing the epicardial reporter 

tcf21:DsRed and the myocardial reporter bactin2:tagBFP. Epicardial cells coat the entire 

atrial surface, whereas there are myocardial gaps. White boxes indicate areas magnified 

in (D’-F’). 
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Figure 13: Embryonic atrial cardiomyocytes contribute to the atrial wall and atrio-
ventricular canal 

(A) Maximum intensity projection of a z-stack from a 3 dpf heart expressing 

vmhc:mCherry-NTR and cmlc2:H2-GFP. 

(B) Number of atrial cardiomyocytes in 3 dpf zebrafish hearts (mean±s.e.m.; n=4, with 

individual data points shown).  

(C) Surface myocardium from a 14 dpf amhc:CreER; priZm; cmlc2:H2-GFP heart. An 

expanded view of the atrio-ventricular canal (AVC), dense with cardiomyocyte nuclei 

(white) is shown. Scale bars are 50 µm. 
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Figure 14: Early recombination of priZm with amhc:CreER leads to consistent labeling 
of the ventricular apex 
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(A-F) Surface myocardium of 7 dpf hearts (front and back) from amhc:CreER; priZm 

animals treated with 4-HT for 24 hours immediately after fertilization. Non-red 

cardiomyocytes in the ventricle are outlined in white. 

(G) Cartoon of generic 7 dpf ventricle overlaid with outlines from (A-F) to demonstrate 

localization of labeled ventricular cardiomyocytes. 

(H) Surface myocardium of a 7 dpf heart from an amhc:CreER; priZm  animal treated 

with 4-HT for 24 hours immediately after fertilization. Scale bar is 50 µm.  

(I) Percentage of the ventricular surface area expressing non-red fluorescent proteins at 7 

dpf when treated with 4-HT after fertilization (mean±s.e.m.; n=11 hearts). 
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Appendix B 

 

Figure 15: vegfaa is expressed in a chamber-specific fashion 

Whole-mount image of a vegaa:EGFP; tcf21:DsRed adult heart with the ventricle (Ven) and 

atrium (Atr) labeled. Arrows indicate coronary vessels seen in relief that are present in the 

ventricle and absent in the atrium. 
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Figure 16: Expression of vegfaa mRNA from bact2:BS-vegfaa transgenic animals 

(A) Diagram of transgenic system for vegfaa overexpression in cardiomyocytes. The 

bactin2 promoter is used to drive a cassette with a BFP sequence flanked by loxP sites (red 

triangles) followed by the vegfaa coding sequence. A stop codon after the BFP sequence 

prevents expression of vegfaa in the absence of recombination. A cardiomyocyte-specific 

inducible Cre recombinase is co-expressed such that treatment with tamoxifen excises the 

BFP sequence and allows expression of vegfaa. 

(B, C) Section images from in situ hybridization experiments for vegfaa using hearts from 

cmlc2:CreER; bact2:BS-vegfaa adult zebrafish treated with vehicle (A) or tamoxifen (B) and 

collected 14 days later
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