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EPIGRAPH 

 

Outside in 

Begin, till sweat erodes your skin, 

Work, till it permeates your flesh, 

Endure, till it saturates your blood, 

Finish, when it forges your heart. 

❦ 

Inside out 

Begin, till blood bears its path, 

Work, till it perfuses your core, 

Endure, till It chisels its realms, 

Finish, when it forges your heart. 
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ABSTRACT OF THE DISSERTATION 

 

Cardiac function modulates endocardial cell dynamics to shape the cardiac outflow tract 

 

by 

 

Pragya Sidhwani 

 

Doctor of Philosophy in Biology 

 

University of California San Diego, 2019 

 

Professor Deborah Yelon, Chair 

 

 Physical inputs orchestrate cellular dynamics to sculpt organs of various 

morphologies. In the embryonic heart, for example, functional cues engendered by 

blood flow and contractility regulate cell size, shape and number to create the 

curvatures of the ventricular chamber. However, we have limited understanding of the 
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many ways by which forces associated with function integrate diverse cellular 

mechanisms in multiple tissues to build a composed organ. Here, we leverage the 

junctional location and precise dimensions of the cardiac outflow tract (OFT), a 

cylindrical carrier of blood between the heart and the vasculature, to address this 

question. Since the OFT is formed by late-differentiating second heart field cells 

annexing to the arterial pole of a contractile heart tube, we hypothesize that function 

could influence the earliest steps of OFT development. Using high-resolution 

morphometrics in the optically accessible zebrafish embryo, we show that in the context 

of normal cardiac function, the OFT expands via concerted accumulation of inner 

endocardial and outer myocardial cells. However, in mutants with disrupted cardiac 

function, OFT endocardial growth ceases and the arrangement of the overlying 

myocardial cells is altered. By evaluating patterns of cell behavior in both wild-type and 

mutant embryos, we identify essential roles for cardiac function in promoting both the 

proliferation of the OFT endocardium and the addition of endothelial cells to the OFT 

from the adjacent aortic arches. Intriguingly, loss-of-function of the TGFβ receptor Alk1 

leads to reduced addition of endothelial cells to the OFT endocardium without inhibiting 

OFT endocardial proliferation, suggesting that these two endocardial cell behaviors can 

be uncoupled through molecular, and possibly physical, mechanisms. Overall, our 

studies illuminate the cellular basis for essential early phases of OFT morphogenesis, 

while also pointing toward molecular mechanisms by which cardiac function shapes 

OFT development.   

 

 



	 1 

CHAPTER 1 

Functional cues in heart morphogenesis and cardiac outflow tract development 
 
 

Abstract 

“Form ever follows function, and this is the law,” as stated by the architect Louis 

Sullivan, can also be applied to the biological process of morphogenesis. In the 

embryonic heart for example, both contractility and blood flow have been shown to 

influence cell shape, size and proliferation to modulate chamber expansion. However, 

this relationship has not yet been established in the outflow tract (OFT), a cylindrical 

structure constructed at the arterial pole of the beating heart tube, which acts as a 

primary portal for blood flow between the heart and the periphery. The OFT is derived 

from late-differentiating “second heart field” (SHF) progenitors that proliferate, 

differentiate and accrete onto the early heart tube. Although these processes are 

concordant with the initiation of cardiac function, which could suggest a role for 

functional influences on the initial structure of the OFT, the cellular, molecular and 

physical mechanisms guiding early OFT shape remain generally unknown. In this 

chapter, we provide a primer on how forces impact multiple aspects of cardiac 

morphogenesis, followed by an introduction to outflow tract development, 

morphogenesis and anomalies, all the while highlighting considerable gaps in our 

knowledge that this dissertation aims to address. In summary, this chapter argues for 

the importance of uncovering the mechanical mechanisms governing early OFT 

morphogenesis, especially given that 30% of congenital heart diseases contain OFT 

abnormalities.  
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1.1 Physical inputs sculpt the developing heart 

Biomechanical forces are important regulators of embryonic morphogenesis. As 

early as gastrulation, circumferential contractions and flow-frictional mechanisms drive 

the spreading of the enveloping cell layer over the zebrafish yolk (Behrndt et al., 2012). 

Compressing and stretching the apical surface of cells induces apoptosis and 

proliferation, respectively, to shape the overall structure of the Drosophila wing (Diaz de 

la Loza & Thompson, 2017). The periodic spacing of feather follicles in chick is 

governed by competing interactions between cellular contractility and substrate stiffness 

(Shyer et al., 2017). In many contexts, physical cues provoke specific cellular behaviors 

that ultimately give rise to tissue morphology.  

Forces are especially crucial during cardiac development, since blood flow and 

cardiac contractility produce distinct physical inputs while heart formation is underway 

(Freund et al., 2012; Haack & Abdelilah-Seyfried, 2016) (Figure 1-1). Contractility, for 

example, stretches cells in a direction perpendicular to the flow of blood. It is also 

particularly interesting to consider how flow-induced forces create spatiotemporally 

heterogeneous patterns that provide regionalized cues within the developing organ. 

Fluid frictional forces are thought to induce shear stress that deforms cells in the 

direction of blood flow. Blood pressure, on the other hand, causes cells to stretch 

circumferentially. Finally, the direction of blood flow can itself administer distinct 

mechanical cues to cells: reversing or retrograde flows, for instance, are thought to 

activate specific downstream pathways. Together, these fluid forces sculpt the heart, in 

a biological manifestation of “form follows function”.   
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How do fluid forces prompt cardiac cells to enlarge, elongate, divide, converge, 

and protrude as they create the specific architecture of the embryonic heart? Despite 

awareness of several mechanosensitive pathways that operate in endothelial cells 

(Baratchi et al., 2017), we do not yet fully understand the cellular and molecular 

mechanisms that drive cardiac morphogenesis in response to hemodynamic cues. To 

gain insights into these mechanisms, we need to be able to integrate in vivo 

assessment of fluid forces, high-resolution analysis of cell behaviors, and precise 

manipulation of mechanosensitive genes. The zebrafish embryo serves as an ideal 

model organism in this regard: its optical clarity allows real-time visualization of fluid 

dynamics as well as live imaging of morphogenesis at cellular resolution, and its genetic 

tractability permits both classical genetic screens and cutting-edge genome editing 

(Collins & Stainier, 2016; Li et al., 2016). Importantly, zebrafish offer the unique 

advantage that they can survive throughout embryogenesis without convective oxygen, 

allowing the analysis of cardiovascular defects without confounding lethality. Finally, 

although the zebrafish heart is anatomically simpler than the mammalian heart, the 

mechanosensory pathways operating during cardiac development appear to be highly 

conserved (Goddard et al., 2017). Together, these benefits of zebrafish have facilitated 

a number of investigations into the ways in which function influences form in the 

developing heart.  

 

1.2  Fluid forces regulate multiple aspects of vessel development 

When considering how fluid forces influence cardiac morphology, it is instructive 

to reflect upon our understanding of the influence of flow on vessel development. The 
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impact of physical forces on endothelial cells in the vasculature is especially relevant to 

the potential roles of such forces on the endocardium, the specialized inner layer of 

endothelium that lines the muscular myocardial layer of the heart. Numerous studies in 

cultured endothelial cells have shown that endothelial cells rearrange their cytoskeleton 

and alter their gene-expression patterns in response to flow-induced forces (Helmlinger 

et al., 1991). Interestingly, endothelial cells respond differently to laminar flow and 

oscillatory flows (Noris et al., 1995), which has motivated the idea that the direction or 

pulsatile nature of flow could have a distinct impact on cellular behaviors. In this section, 

we will provide a few recent perspectives on how processes like lumen growth and 

vessel remodeling respond to fluid forces in zebrafish. 

Blood flow has been shown to regulate vessel diameter through its influence on 

several types of endothelial cell behaviors. For example, Endoglin, a TGF-β receptor, 

modulates endothelial cell shape in response to hemodynamic cues, thereby restricting 

the diameters of the dorsal aorta and posterior cardinal vein (Sugden et al., 2017). In 

the caudal vein, shear forces lead to an increase in endothelial cell number via 

mechanosensation by Pkd2/Trpp2, a calcium channel present on endothelial cilia 

(Goetz et al., 2014). In the cranial vasculature, flow-induced expression of the TGF-β 

receptor Alk1 regulates the migration of endothelial cells in the direction opposite to 

blood flow, thereby limiting vessel caliber (Corti et al., 2011; Rochon et al., 2016) 

(Figure 1-2). Finally, Yap1, a Hippo pathway effector, localizes to the nucleus in a flow-

dependent manner in the dorsal longitudinal anastomotic vessel, where it regulates the 

maintenance of lumen size (Nakajima et al., 2017).  
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Fluid forces are also critical for the morphogenetic processes that are involved in 

vessel remodeling. For instance, flow regulates the apical membrane invagination that 

is required for successful tube formation during vessel fusion (Herwig et al., 2011). 

Blood flow is also important for the establishment of planar cell polarity in endothelial 

cells (Kwon et al., 2016), which could influence vessel regression, as has been 

predicted in mice (Franco et al., 2015). Indeed, vessel regression in the zebrafish eye 

(Kochhan et al., 2013) and midbrain (Chen et al., 2012) have been shown to occur in 

response to blood flow, potentially via flow-mediated cell rearrangement and migration.  

Together, these studies underscore the importance of fluid forces during multiple 

aspects of vascular morphogenesis and provide inspiration for the ways in which blood 

flow could influence cell shape, cell number, migration, and polarity during heart 

development.  In the following sections, we will examine the impact of cardiac function 

and fluid forces on cell behavior during three essential phases of cardiac 

morphogenesis: chamber emergence, atrioventricular canal differentiation, and 

ventricular trabeculation.  

 

1.3  Chamber emergence requires hemodynamic inputs 

In the early embryo, the primitive heart is a simple, relatively linear cylinder 

positioned at the embryonic midline. As development proceeds, the heart tube enlarges 

and transforms into a morphologically distinct series of cardiac chambers, each 

expanding into its characteristic curvatures (Collins & Stainier, 2016). Since chamber 

emergence takes place while the heart is beating and the blood is flowing, 

biomechanical inputs generated by cardiac function have the potential to influence this 
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process. Indeed, surgical obstruction of blood flow into the embryonic chick heart results 

in aberrant chamber morphology (Broekhuizen et al., 1999). Mouse mutants lacking 

atrial contractility due to a mutation in atrial myosin light chain 2a exhibit abnormal 

ventricular morphogenesis (Huang et al., 2003), further supporting a connection 

between blood flow and cardiac chamber development. In cultured neonatal rat 

cardiomyocytes (CMs), mechanical stretch induces expression of proto-oncogenes and 

many other gene programs, all of which are thought to induce hypertrophic growth 

(Lindsey et al., 2014; Ruwhof & van der Laarse, 2000; Rysa et al., 2018). Taking 

advantage of the opportunities for examining chamber emergence in the context of the 

zebrafish embryo, a number of studies have delved deeper into the cell behaviors that 

shape the chambers in response to biomechanical cues.  

In zebrafish, as the ventricle and atrium emerge from the linear heart tube, 

distinct convex and concave surfaces form the outer and inner curvatures of each 

chamber. These tissue shape changes are associated with regional patterns of cell 

shape change: in the ventricle, for example, outer curvature cardiomocytes enlarge and 

elongate during chamber emergence, while inner curvature cardiomyocytes remain 

relatively small and round (Auman et al., 2007). Analysis of cardiomyocyte morphology 

in mutant embryos has suggested that cell shape change at the ventricular outer 

curvature depends upon inputs generated by cardiac function. In weak atrium (amhc) 

mutants, which lack atrial contractility and therefore have reduced blood flow into the 

ventricle, outer curvature cardiomyocytes are smaller and rounder than in the wild-type 

ventricle (Auman et al., 2007); these cells also exhibit diminished myofibril maturation 

(Lin et al., 2012). In contrast, half-hearted (vmhc) mutants, which lack ventricular 
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contractility, display excessively enlarged and elongated cells in the ventricular outer 

curvature (Auman et al., 2007) (Figure 1-3). These studies suggest that forces produced 

by both blood flow and contractility modulate cardiomyocyte shape and size and 

therefore contribute to the regulation of chamber emergence.  

In conjunction with the outward expansion of the myocardium, the inner 

endocardial layer of the heart also grows as the chambers emerge. Cellular proliferation 

drives this endocardial expansion, while local differences in endocardial cell 

morphologies correlate with the curved chamber contours (Dietrich et al., 2014). 

Interestingly, in conditions where fluid forces are reduced, proliferation of the ventricular 

endocardium is markedly decreased (Dietrich et al., 2014) (Figure 1-4). Endocardial 

cells also fail to acquire normal morphologies under these circumstances. Together, 

these results suggest a model in which fluid forces trigger proliferation of endocardial 

cells, causing an overall enlargement of the endocardium that provokes cell shape 

changes within the myocardium, thereby facilitating synchronous expansion of both 

cardiac layers.  

Which molecular pathways might drive chamber emergence in response to fluid 

forces? Exposure of endothelial cells to shear stress in vitro induces the expression of 

KLF2, which encodes a mechanoresponsive transcription factor (Dekker et al., 2002), 

and the expression of the zebrafish homolog klf2a also appears to be flow-responsive 

(Vermot et al., 2009). The klf2 pathway is thought to contribute to the regulation of 

chamber emergence, since klf2a morphants exhibit aberrant endocardial morphology in 

the ventricle (Dietrich et al., 2014). Micro-RNAs are also interesting candidates for 

mechanoresponsive functions, since they can be regulated rapidly in response to flow 
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(Banjo et al., 2013). Indeed, function-dependent expression of miR-143 in both the 

myocardium and the endocardium impacts the process of ventricular emergence 

(Miyasaka et al., 2011). In the myocardium, miR-143 targets adducin3, which regulates 

cytoskeletal actin dynamics and can thereby influence cardiomyocyte morphology 

(Deacon et al., 2010). In the endocardium, miR-143 limits retinoic acid signaling by 

directly targeting raldh2 and rxrab (Miyasaka et al., 2011). Intriguingly, miR-143 

morphants exhibit gaps in the ventricular endocardium (Miyasaka et al., 2011), hinting 

at defects in endocardial cell number. In future studies, it will be valuable to identify not 

only additional mechanosensitive genes that are relevant to chamber emergence but 

also additional downstream effectors responsible for executing the patterns of 

proliferation in the endocardium and cell shape change in the myocardium.  

 
1.4  Retrograde flow drives atrioventricular canal differentiation  

As the cardiac chambers emerge, the junction between the atrium and the 

ventricle constricts to form the atrioventricular canal (AVC). Within this region, distinct 

differentiation pathways create the endocardial cushions, specialized structures that will 

subsequently remodel to create the atrioventricular valve. Endocardial cushion 

formation has been examined with cellular precision in zebrafish, owing to the optical 

accessibility of the embryo. At early stages, endocardial cells accumulate both through 

proliferation and via convergence to the AVC region (Boselli et al., 2017; Steed et al., 

2016b), while also acquiring distinctive cuboidal morphologies (Beis et al., 2005; Steed 

et al., 2016b). Following this, the endocardial cells invaginate as a sheet into the 

extracellular matrix, ultimately forming valve leaflets (Pestel et al., 2016).  
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Early work in chick had shown that impediment of mechanical forces in the heart, 

via surgical alteration, can result in abnormal morphology of the atrioventricular valve 

(Sedmera et al., 1999). Following this, several studies in zebrafish have indicated that 

cardiac function provides essential cues for endocardial cushion formation.  Endocardial 

cushions fail to form in silent heart mutants and cardiofunk mutants, both of which have 

defects in cardiac contractility (Bartman et al., 2004; Beis et al., 2005). Similarly, 

physical occlusion of blood flow into the zebrafish heart impairs atrioventricular valve 

development (Hove et al., 2003).  

The oscillatory component of wall shear stress, or retrograde flow, is known to be 

particularly elevated within the AVC (Heckel et al., 2015), suggesting that the magnitude 

and the direction of fluid forces could influence AVC differentiation.  To examine the 

effects of these types of mechanical inputs, the phenotypes generated by knocking 

down gata1 and gata2, genes involved in hematopoiesis, were examined (Vermot et al., 

2009) (Figure 1-5). Since both genes contribute to erythrocyte development, knockdown 

of either should reduce shear forces in the heart.  In addition, gata2 morphants display a 

reduction in retrograde flow fraction (RFF) in the AVC, whereas gata1 morphants 

display an increased RFF. Furthermore, gata2 morphants fail to develop valve leaflets, 

whereas gata1 morphants appear strikingly normal. Likewise, valve formation fails in 

weak atrium mutants, which also exhibit a reduced RFF in the AVC (Kalogirou et al., 

2014). Notably, the valve defects in gata2 morphants are preceded by a failure to 

accumulate endocardial cells at the AVC, as well as irregular cellular morphologies 

(Vermot et al., 2009). The former is consistent with the observation that endocardial 

convergence at the AVC fails in silent heart mutants (Boselli et al., 2017). Together, 
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these findings imply that retrograde flow, and not shear, is the driving force for 

atrioventricular valve formation, potentially through its influence on cellular 

rearrangement during AVC differentiation.  

Investigation of the molecular pathways triggered by retrograde flow in the AVC 

has primarily centered on klf2a. Expression of klf2a in the AVC endocardium is reduced 

in gata2 morphants (Heckel et al., 2015; Vermot et al., 2009), and klf2a morphants 

resemble gata2 morphants in that their AVC endocardial cells are reduced in number as 

well as abnormally elongated and flat (Vermot et al., 2009). Moreover, the calcium 

channels Trpp2 and Trpv4 appear to regulate klf2a expression in response to oscillatory 

flow patterns within the AVC endocardium (Heckel et al., 2015). Downstream effectors 

of Klf2 in the AVC endocardium include the extracellular matrix component Fibronectin: 

fibronectin1b morphants have defective cell clustering at the AVC, similar to klf2a 

morphants and gata2 morphants (Steed et al., 2016b). In addition, wnt9b acts a 

paracrine factor downstream of klf2a during AVC differentiation (Goddard et al., 2017).  

Given the importance of klf2a to mechanosensation at the AVC, it is reasonable 

to imagine that the levels of klf2a expression must be carefully controlled. In accordance 

with this, the cerebral cavernous malformation (CCM) proteins Ccm1 and Ccm2 have 

been shown to restrict klf2a expression, with Ccm2 acting in a manner independent of 

cardiac function (Renz et al., 2015). Interestingly, the expression of Heg1, which acts to 

stabilize Ccm1, appears to be dependent on both cardiac function and klf2a, suggesting 

that klf2a acts in a negative feedback loop to influence its own expression (Donat et al., 

2018). Altogether, studies of the factors upstream and downstream of klf2a place it as a 

key node in a retrograde flow-regulated pathway that drives AVC differentiation. 
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When considering additional factors that may act in or parallel to the klf2a 

pathway in this context, it is again interesting to examine the possible roles of micro-

RNAs. For example, miR-21 is expressed in the AVC in a function-dependent manner, 

and miR-21 morphants fail to exhibit normal atrioventricular valve formation (Banjo et 

al., 2013). miR-21 is thought to activate the MAP kinase cascade by targeting sprouty2, 

suggesting a possible mechanism for its influence on endocardial cell behavior during 

AVC differentiation. Further work will be necessary to evaluate whether these and/or 

other players interface with the klf2a pathway in executing the biomechanical regulation 

of AVC differentiation by retrograde flow. 

 
1.5  Functional regulation of ventricular trabeculation  

Following cardiac chamber emergence, the architecture of the ventricle becomes 

more elaborate through the formation of trabeculae – myocardial ridges that extend into 

the ventricular lumen. Analyses in zebrafish have shown that trabeculation is driven by 

the directional migration of cells that delaminate from the compact layer of the 

myocardium (Liu et al., 2010; Staudt et al., 2014). This delamination process involves 

constriction of the abluminal cardiomyocyte surface and is dependent upon the proper 

apicobasal polarization of the myocardial tissue (Jimenez-Amilburu et al., 2016; Staudt 

et al., 2014). In a noncontractile zebrafish heart, trabeculation fails: in silent heart 

morphants, for example, cardiomyocytes still extend protrusions into the ventricular 

lumen, but these protrusions frequently retract and stable trabeculae do not form 

(Staudt et al., 2014). These findings indicate that cardiac function is important for 

regulating trabeculation, consistent with prior observations in chick, where ventricular 



	 12 

afterload has been implicated in regulating the thickening of the compact and trabecular 

layers (Sedmera et al., 1999).  

Do fluid forces play a key role in controlling the cell behaviors that underlie 

trabeculation? Indeed, reduction of blood flow in both weak atrium mutants and gata1 

morphants inhibits trabeculation (Lee et al., 2016; Peshkovsky et al., 2011; Staudt et al., 

2014; Vedula et al., 2017). Furthermore, studies in weak atrium mutants and morphants 

suggest that both the initial formation of luminal protrusions and their progression into 

stable trabeculae could be sensitive to the patterns of blood flow through the ventricle 

(Peshkovsky et al., 2011; Staudt et al., 2014). Flow parameters at the onset of 

ventricular trabeculation have not yet been carefully examined; however, the oscillatory 

shear index has been shown to be higher in trabecular grooves and lower in trabecular 

ridges at 4 days post-fertilization, after mature trabeculae are in place, and this distinct 

pattern is perturbed when trabeculation is inhibited (Vedula et al., 2017). In future 

studies, it will be valuable to investigate flow patterns in the ventricle at earlier stages in 

order to discern whether parameters like the oscillatory shear index can predict where 

trabecular protrusions will form. 

Several signaling pathways that are known to be important regulators of 

trabeculation are also responsive to biomechanical cues. For example, the Neuregulin 

signaling pathway, operating through the Erbb2 receptor tyrosine kinase, is required for 

trabeculation (Liu et al., 2010), and expression of both erbb2 (Lee et al., 2016) and its 

ligand nrg2a (Rasouli & Stainier, 2017) have been shown to be dependent on cardiac 

function. Function-mediated Notch signaling activity in the endocardium has also been 

implicated in trabeculation, potentially via its role in regulating expression of the Erbb2 
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ligand nrg1 (Samsa et al., 2015), as has been suggested in mice (Grego-Bessa et al., 

2007). Wwtr1, a Hippo pathway effector that localizes to the nucleus in response to 

function, is an essential regulator of the compact wall architecture supporting 

trabeculation, where it can also influence myocardial Notch signaling (Lai et al., 2018). 

Furthermore, Erbb2 signaling can direct Wwtr1 localization (Lai et al., 2018) and Notch 

signaling in the myocardium (Jimenez-Amilburu et al., 2016). Finally, cardiac function, 

Erbb2, Wwtr1, and Notch have all independently been shown to be important for the 

relocalization of N-cadherin in delaminating cardiomyocytes (Cherian et al., 2016; Han 

et al., 2016; Lai et al., 2018). Collectively, these data signify complex spatiotemporal 

interactions between cardiac function and the Erbb2, Notch, and Hippo signaling 

pathways during the modulation of trabeculation. Ongoing studies will continue to 

illuminate the precise nature of these interactions, while also deciphering how these 

pathways instruct cell behaviors as trabeculae form.  

 

1.6  The cardiac outflow tract: a valuable model to study functional influences 

on cardiovascular morphogenesis 

In previous sections, we emphasized the many ways in which cardiac function 

influences morphogenesis in the heart. Given that several of these processes are 

spatiotemporally correlated, these findings provoke an intriguing model where cardiac 

function synchronizes development of many tissue types, including the endocardium, 

the endothelium and the myocardium, to construct a continuous cardiovascular system. 

However, we have little insight into how multiple functional influences trigger diverse 

cellular behaviors to build a composite organ. The cardiac outflow tract (OFT), a tubular 
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portal that lies at the junction of the heart and the vessels, is an interesting model for 

investigation of this topic. Importantly, the OFT is built in the context of active blood flow 

and contractility, suggesting a potential involvement of function in guiding the earliest 

phases of its morphogenesis. In the following sections, we present our current 

understanding of OFT development, highlight critical gaps in our knowledge, and 

demonstrate the significance of illuminating the mechanical regulation of OFT 

construction. 

 

1.7 Outflow tract development: an overview 

Vertebrate heart development takes place in two phases: in the first phase, “first 

heart field” (FHF) progenitors in the anterior lateral plate mesoderm (ALPM) differentiate 

and fuse to form the early heart tube. Following this, “second heart field” (SHF) 

progenitors differentiate and accrete onto both poles of linear heart tube, giving rise to 

much of the atrium, the right ventricle and the OFT (Kelly, 2012). The OFT is a 

particularly important SHF-derived structure: misregulation of its development is known 

to occur in 30% of the cases of congenital heart diseases, highlighting the importance of 

understanding this process in cellular and molecular detail (Neeb et al., 2013). 

Moreover, since the OFT acts as a pivotal conduit for blood flow between the heart and 

the periphery, its appropriate dimensions are critical for its function. Despite its 

importance, however, the cellular underpinnings of OFT shape remain largely 

mysterious. 

To begin understanding the cellular mechanisms that construct the OFT, we 

must first revisit the cellular origins of the OFT. Much is known about the location of 
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OFT myocardial precursors at various stages of development (Fig. 1-6). Fate-mapping 

studies in zebrafish suggest that in the early blastula, OFT progenitors are located 

dorsal to ventricular progenitors, which are clustered close to the embryonic margin 

(Hami et al., 2011). Subsequently, cardiac progenitors exist in bilateral populations in 

the ALPM.  At this time, OFT progenitors are located medial to ventricular and atrial 

progenitors (Hami et al., 2011), where they express the SHF-progenitor marker mef2cb 

(Lazic & Scott, 2011) and the cardiac progenitor marker nkx2.5 (Guner-Ataman et al., 

2013). Live imaging in zebrafish has shown that cardiac progenitors within the ALPM 

continuously differentiate within an epithelial sheath that converges at the embryonic 

midline (Felker et al., 2018) (Figure 1-7): in this way, the medio-lateral placement of 

OFT, ventricular and atrial cells in the ALPM appears to translate into antero-posterior 

positions within the heart tube. Moreover, studies in chick and mice suggest that, prior 

to appending to the heart, SHF progenitors are found in the dorsal pericardial wall 

(DPW), from where they are deployed to the arterial pole of the heart tube (Ramsbottom 

et al., 2014; van den Berg et al., 2009).  

In mice, SHF cells in the DPW are further subdivided into an anterior population, 

which gives rise to the OFT, and a posterior population that is thought to contribute to 

the venous pole (Kelly, 2012; Vincent & Buckingham, 2010). While such a distinction 

has not been classified in zebrafish, SHF progenitors generating the outflow tract and 

inflow tract regions can be distinguished based on the timing of differentiation and 

requirement of Fgf signaling and Isl1, respectively (de Pater et al., 2009). At the arterial 

pole, SHF progenitors are identifiable with markers like ltbp3 and mef2cb (Lazic & Scott, 

2011; Zhou et al., 2011). Additionally, a transgenic reporter driven by the cis-regulatory 
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elements of the draculin gene was recently found to specifically mark FHF-derived cells, 

and hence can be used to distinguish between FHF- and SHF- derived cells in zebrafish 

(Mosimann et al., 2015). It is important to note, however, that since the SHF also 

appends to the distal portion of the ventricle, none of these markers are specific to the 

OFT myocardium.  

While we have many clues to the location of OFT myocardial precursors, less 

attention has been paid to the origins of the OFT endocardium. Studies in zebrafish 

have suggested that endocardial progenitors lie in the lateral marginal zone of the 

blastula, in the same region as, and intermingled with, myocardial progenitors (Keegan 

et al., 2004). In the ALPM, endocardial progenitors are thought to lie rostral to 

myocardial progenitors (Schoenebeck et al., 2007). The migration of endocardial cells 

towards the midline is spatiotemporally coordinated with that of the myocardium, such 

that within the heart tube, myocardial cells are encasing endocardial cells. Interestingly, 

endocardial cells are thought to be developmentally related to both the myocardial 

lineage as well as the endothelial lineage. Several studies in zebrafish and chick 

suggest a common precursor for the myocardium and endocardium: markers like 

Mesp1 and Flk1 are expressed in both myocardial and endocardial cells (Devine et al., 

2014; Misfeldt et al., 2009). Furthermore, in the ALPM of zebrafish cloche mutants, 

which lack an endocardium, the expression of the myocardial progenitor marker hand2 

is expanded rostrally (Schoenebeck et al., 2007). The endocardium is also thought to be 

a subset of the endothelium: known endothelial markers, including flk1 and etv2, are 

expressed in the endocardium as well (Bussmann et al., 2007; Schoenebeck et al., 

2007); moreover, although no markers specific to non-endocardial endothelium have 
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been discovered, an endocardium-only maker, NFATc1, does exist (de la Pompa et al., 

1998). Interestingly, genes like tie2 in mice and cloche in zebrafish are absolutely 

essential for endocardial development but appear to be dispensable for vascular 

development (Puri et al., 1999; Stainier et al., 1995), which reaffirms the idea that the 

endocardium is a specialized endothelium.  

With respect to the OFT endocardium in particular, however, not much is 

understood. After heartbeat initiates, the endocardium expresses genes like klf2a, 

notch1b and wnt9b, all of which progressively concentrate in the OFT and 

atrioventricular canal endocardium (Goddard et al., 2017; Vermot et al., 2009). 

Eventually, endocardial cells in these two regions develop valves, which are flaps that 

prevent backflow of blood. Therefore, although the OFT endocardium eventually 

exhibits specialized characteristics, we do not know if and how the early OFT 

endocardium is molecularly different from the ventricular endocardium and the vascular 

endothelium. Notably, SHF-derived cells and neural crest cells are known to contribute 

to the OFT endocardium at later stages (Cavanaugh et al., 2015; Lazic & Scott, 2011; 

Zhou et al., 2011); however, in zebrafish, this does not happen during the initial stages 

of OFT formation.  

What is known about the signaling pathways guiding OFT development? 

Canonical Wnt signaling has been shown to act upstream of other signaling pathways 

like Fgf to positively regulate SHF proliferation in mice (Li et al., 2007; Cohen et al., 

2007). Recently, studies in our lab compared microarray profiles of zebrafish embryos 

treated with the Fgf inhibitor SU5402 to untreated embryos, and discovered that the cell 

adhesion molecule cadm4 acts downstream of Fgf signaling to restrict SHF proliferation 



	 18 

as well as the timing of their differentiation to the arterial pole; consequently, cadm4 

morphants exhibit a highly elongated OFT (Zeng & Yelon, 2014). Bmp signaling is also 

thought to promote differentiation of SHF cells in mice via multiple targets including 

Tbx3, Tbx20 and Isl1 (Yang et al., 2006). Further, the non-canonical Wnt pathway is 

thought to be involved in SHF accretion by regulating the formation of a cohesive 

epithelial sheet of SHF progenitors prior to their deployment to the arterial pole (Sinha et 

al., 2015). Finally, the AP-1 transcription factor Fosl2 has been implicated in regulating 

the timing of SHF differentiation (Jahangiri et al., 2016).  

As SHF cells deploy to the arterial pole, they must organize into a cylindrical 

structure of appropriate dimensions. While not much is known about this particular 

phase of OFT morphogenesis, recent live imaging analysis in zebrafish has emphasized 

the emerging endocardium as a platform for myocardial assembly (Felker et al., 2018). 

In this dissertation, we will progressively unravel the cellular and molecular mechanisms 

governing early endocardial morphogenesis in the OFT, with the hope of elucidating the 

cellular, molecular and mechanical underpinnings of OFT shape.  

 

1.8      Cardiac outflow tract morphogenesis and anomalies 

While not much is understood about early OFT morphogenesis, we have some 

insights into the cellular characteristics of SHF progenitors prior to their accretion to the 

arterial pole of the heart, and extensive knowledge of later morphogenetic events like 

OFT valve development and remodeling. Reviewing this information is crucial for 

refining our perception of early OFT development. 
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Epithelial characteristics of SHF progenitors 

Recent studies in mice suggest that SHF cells are organized into an apico-

basally polarized epithelium in the dorsal pericardial wall (DPW), where the apical side 

faces the pericardium (Cortes et al., 2018). The epithelial properties of the anterior 

DPW, which contains OFT progenitors, depend upon Tbx1 function: in the absence of 

tbx1, aDPW cells are rounder, have expanded apical domains, lack basal filopodial 

extensions, and consequently fail to form a proper OFT (Francou et al., 2014). Further, 

multiple mutants in which planar cell polarity is disrupted specifically in the SHF, 

including conditional mutants for vangl2 and wnt11, exhibit a shortened OFT 

(Ramsbottom et al., 2014; Zhou et al., 2011). Live imaging analysis using a tbx1:eGFP 

transgene in zebrafish further shows that the SHF-containing epithelial sheath is 

continuous with the differentiated ventricular myocardium (Felker et al., 2018) (Figure 

1- 7). Work in mice has in fact suggested that this physical interface with differentiating 

SHF cells exerts epithelial tension on SHF progenitors, which is thought to induce 

proliferation of SHF progenitors in a YAP/TAZ-dependent fashion (Francou et al., 

2017). Finally, cell-cell adhesion also appears to be regulated during SHF 

development: while expression of the adhesion molecule N-cadherin within the DPW 

gradually intensifies towards the venous pole, E-cadherin localizes primarily in the 

anterior DPW, and is maintained in the differentiated OFT myocardium (Francou et al., 

2014). Therefore, regulation of multiple cellular characteristics within the SHF, 

including cell shape, planar cell polarity and adhesion are integral to forming the 

mature OFT. 
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OFT remodeling and valve morphogenesis 

Later steps in OFT morphogenesis, after the initial formation of the OFT 

structure, include valve formation, and, in higher vertebrates, OFT remodeling and 

septation. In four-chambered hearts, aortic and pulmonic valves, jointly called 

semilunar valves, form at the OFT region (Combs & Yutzey, 2009). Since the zebrafish 

heart contains a single atrium and ventricle, only a single OFT with one semilunar 

valve exists.  

Semilunar valve development initiates with endocardial cushion formation, which 

is characterized by endocardial thickening within the OFT. The OFT cushions are 

derived from both SHF endocardial progenitors and neural crest cells (Wu et al., 2017). 

Since the cellular and molecular mechanisms underlying OFT and AVC valve 

development are assumed to be similar, the majority of the studies in multiple model 

organisms, and especially those in zebrafish, have focused on AVC valve 

development. In higher vertebrates, endocardial cushion formation begins with the 

deposition of extracellular matrix between the endocardium and the myocardium. 

Following this, mesenchymal cells derived from the endocardium proliferate and 

populate the ECM-rich regions in an epithelial-to-mesenchymal transition (EMT). 

During zebrafish AVC valve formation, invagination of endocardial cells, and not EMT, 

appears to drive valve formation, as visualized using high-speed microscopy (Scherz et 

al., 2008); although we imagine this to be the case for OFT valves in zebrafish, this is 

yet to be confirmed. Despite these differences, the underlying molecular mechanisms 

for valve formation appear to be conserved in zebrafish and higher vertebrates 

(Bakkers, 2011): many signaling pathways, including Bmp, canonical Wnt and Notch 



	 21 

pathways, which have been implicated in regulating EMT and mesenchymal 

proliferation in higher vertebrates, are also involved in valve development in zebrafish.  

Cardiac function is an especially important regulator of valve development. Work 

in chick has employed a technique called OFT banding, where a suture is tightened 

around the OFT to constrict its lumen, to reveal multiple influences of hemodynamic 

stimuli on ECM deposition prior to valve formation (Rennie et al., 2017). This was also 

recently confirmed in chick OFT explants, where, in addition to defects in ECM 

components, disturbed flows correlated with disrupted levels of RhoA signaling, TGFβ 

signaling, and Klf2, and OFT explant morphology also appeared abnormal (Fig. 1-8) 

(Biechler et al., 2014). As discussed in previous sections, numerous studies in the 

zebrafish AVC have suggested a pathway where the mechanosensitive channels 

Trpp2 and Trpv4 regulate klf2a expression, which can further mediate wnt9b 

expression for valve formation (Goddard et al., 2017; Heckel et al., 2015). Klf2 is 

further thought to regulate both cell number, cell shape and fibronectin deposition at 

the AVC (Steed et al., 2016a; Vermot et al., 2009). Importantly, klf2a is also expressed 

in the OFT endocardium and may play a similar role there (Vermot et al., 2009). 

Recent work in zebrafish has also implied a function-mediated mechanism involving 

notch1b for OFT valve formation (Hsu et al., 2019). Together, these studies show that 

function regulates many aspects of valve formation in the OFT and the AVC. 

Finally, in higher vertebrates, the left ventricle must acquire an independent 

OFT, such that the pulmonary outlet is separate from the systemic outlet for blood. To 

accomplish this, the single OFT undergoes septation and remodeling, where the OFT 

myocardial wall is thought to rotate in a counter-clockwise direction, in a process that 
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culminates with the formation of semilunar valves in two distinct outlets. Both cardiac 

neural crest and SHF cells are thought to contribute to the OFT septum. Notably, the 

non-canonical Wnt ligand Wnt5a, as well as TGFβ signaling have been implicated in 

septal morphogenesis as well (Neeb et al., 2013).  

 

Outflow tract anomalies 

Congenital heart defects affect approximately 1% of the live births in the United 

States, 30% of the cases of which include OFT defects. OFT anomalies present as four 

major defects, many of which occur together (Fig. 1-9) (Neeb et al., 2013). If septation 

and OFT remodeling proceed normally, separate aortic and pulmonary outlets exit from 

the right and left ventricles, respectively. In Persistent Truncus Arteriosus (PTA), 

however, a single OFT exits the right ventricle of the heart. In mouse models where the 

neural crest population was ablated, the embryos presented with PTA. Multiple mouse 

mutants confirm the necessity of neural crest cells for proper OFT development: 

targeted deletions of acvrl1, cdh1 and ctnnb1 in NC cells that affect migration, 

differentiation and proliferation, respectively, resulted in PTA (Kaartinen et al., 2004; 

Kioussi et al., 2002). Global deletion of tbx1 also results in PTA, suggesting an 

additional necessity of SHF cells in this process (Merscher et al., 2001).  

Another type of OFT abnormality is Double Outlet Right Ventricle (DORV). As 

the name suggests, DORV is characterized by both of the divided outlets arising from 

the right ventricle. Wnt1-Cre targeted deletion of hand2 and msx1/2, which causes 

failure of neural crest migration and proliferation, respectively, results in DORV (Holler 

et al., 2010; Ishii et al., 2005). Endocardial cushion formation and myocardial function 
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also appear to be important for the etiology of DORV (Azhar et al., 2010; Katz et al., 

2003).  

A third type of OFT anomaly is Transposition of Great Arteries (TGA), where the 

positioning of the pulmonary and systemic outlets is reversed, such that the pulmonary 

outlet arises from the left ventricle and the systemic from the right. Majority of TGA 

cases are associated with defects in left-right patterning; for example, mouse mutants 

for acvr2b and gdf1 exhibit characteristics of TGA (Oh & Li, 1997; Rankin et al., 2000).  

Finally, the fourth kind of OFT abnormality is termed Overriding Aorta (OA), where the 

aortic outlet is mispositioned over the interventricular septal defect instead of the left 

ventricle. In most mouse models, OA accompanies PTA and DORV as a consequence 

of defects in the neural crest population (Neeb et al., 2013). 

 

1.9 Shaping the initial OFT: the missing link 

Our review of OFT morphogenesis at various phases during its development 

highlights a significant gap in our understanding: once SHF progenitors differentiate, 

how do they organize into a cylindrical structure that is later capable of undergoing 

valve development and remodeling? In this regard, it is important to note that many 

studies have in fact suggested that problems with initial OFT dimensions could translate 

into OFT alignment defects at later stages. For example, raldh2 mutant mice present 

with a shorter and wider OFT prior to developing PTA (El Robrini et al., 2016). Similarly, 

in chick, shortening of the OFT following neural crest ablation leads to PTA and other 

OFT misalignments (Yelbuz et al., 2002). Therefore, while it is evident that the OFT 

must attain its proper morphology for its physiological function, the cellular and 
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molecular mechanisms underlying the stereotypical initial dimensions of the OFT remain 

unclear. In the following chapter, we begin to address this gap by characterizing the 

cellular behaviors governing OFT shape in zebrafish.  

Since the OFT is formed in the context of active blood flow and contractility, 

biomechanical forces associated with function could be influencing the earliest steps of 

OFT development, in addition to their described roles in later steps of cushion formation 

and valve development. Interestingly, flow-responsive genes like klf2a and notch1b are 

expressed in the OFT endocardium at relatively early stages (Vermot et al., 2009) 

(Figure 1-10). Recent studies in mice have in fact indicated that SHF deployment exerts 

epithelial tension, which promotes SHF proliferation in a YAP/TAZ-dependent fashion 

(Francou et al., 2017). In zebrafish too, SHF progenitors are connected to beating 

cardiomyocytes in a continuous epithelium (Felker et al., 2018); this physical interface 

with contractile cells likely tugs on SHF progenitors as they differentiate. Together, 

these data imply that the early OFT could be exposed to, as well as sensitive to, 

multiple functional influences; however, a role for cardiac function in the initial phases of 

OFT construction has not been evaluated. In the next chapter, we employ genetic 

manipulations, high-resolution morphometrics and in vivo assays of cell behavior to 

specifically address this open question. 
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Figure 1-1: Endocardial cells are exposed to multiple distinct forces. Diagram 
illustrating the many types of forces exerted on the inner, endocardial layer of the heart. 
While contractility and blood pressure stretch cells in a direction perpendicular to flow, 
the viscous nature of blood stimulates shearing of cells in a direction parallel to the flow 
of blood. Figure adapted form Chien, 2007. 
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Figure 1-2: Alk1 and cardiac function promote endothelial cell migration against 
blood flow into the heart. (A-B) At 24 hours-post-fertilization (hpf), various segments 
of the arterial vasculature, including the aortic arch 1 (AA1), internal carotid artery (ICA) 
and the caudal division of the internal carotid artery (CaDI) were labeled by 
photoconversion in control morphants, alk1 morphants or tnnt2a morphants, which lack 
cardiac function. (C-K) While photoconverted cells were frequently found in the heart by 
48 hpf in control morphants (C-E), displacement towards the heart was reduced in both 
alk1 morphants (F-H) and tnnt2a morphants (I-K). Figure adapted from Rochon et al., 
2016. 
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Figure 1-3: Cardiac function modulates cardiomyocyte dimensions in the 
ventricle. Confocal projections show the ventricle in embryos carrying the transgene 
Tg(myl7:egfp), with mosaic expression of Tg(myl7:dsRedt4). (A,C) At 52 hours post-
fertilization (hpf), cardiomyocytes in the outer curvature of the ventricle (arrows) have 
acquired a characteristic size and an elongated morphology. (B) In weak atrium (wea) 
mutants, blood flow into the ventricle is reduced, and the cardiomyocytes in the outer 
curvature are abnormally small (arrow) and circular (arrowhead).  (D) In half-hearted 
(haf) mutants, the ventricle is non-contractile, and the outer curvature cardiomyocytes 
are abnormally large and distended (arrows). Images adapted from Auman et al., 2007. 
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Figure 1-4: Fluid forces influence endocardial cell number during chamber 
emergence. (A-D) Endocardial cells (green) are indicated by expression of the 
transgene Tg(kdrl:GFP); localization of Amhc (blue) and actin (red) are also shown. 
Whereas wild-type embryos have ~80 and ~70 endocardial cells in the ventricle and the 
atrium, respectively (A,E), the number of endocardial cells in both chambers is 
significantly reduced in silent heart (sih; tnnt2a) mutants (B,E), in which the heart is 
noncontractile. gata1/2 morphants, which have diminished shear forces due to their 
reduced hematocrit, display fewer endocardial cells in the atrium (C,E). In contrast, 
gata2 morphants, which have been shown to have reduced retrograde flow in addition 
to diminished shear forces, display fewer endocardial cells in both chambers (D,E), 
similar to sih mutants. (F) Consistent with this, endocardial proliferation in the ventricle 
is significantly reduced in sih mutants and gata2 morphants, but not in gata1/2 
morphants. Images adapted from Dietrich et al., 2014. 
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Figure 1-5: Reversing flows drive distinct expression profiles for valve 
development in the atrioventricular canal. (A-H) Flow patterns of control (A), gata1 
morphants (B), gata2 morphants (C) and gata1/2 morphants (D) show that reversing 
flows (red) are reduced in gata2 morphants and increased in gata1 and gata1/2 
morphants. (I-K) These patterns of retrograde flows correspond with expression of 
mechanotransducive genes like klf2a and notch1b, which are reduced in gata2 
morphants but not affected significantly in gata1 or gata1/2 morphants. (L-M) Despite 
reduced hematocrit levels in gata1 morphants, they develop normal valves. However, 
gata2 morphants fail to develop valves, suggesting that valve development is 
associated with reversing flows and not shear forces from blood. Figure adapted from 
Vermot et al., 2009. 
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Figure 1-6: Outflow tract myocardial cells are derived from late-differentiating 
second heart field progenitors. (A-B) In zebrafish, multiple assays confirm that the 
OFT is derived from late-differentiating cells. Leveraging the slower maturation 
dynamics of RFP compared to GFP, late-differentiating myocardial cells can be 
distinguished as “green-only” cells in Tg(myl7:GFP); Tg(myl7:dsRed) embryos at 48 hpf. 
An alternative assay to visualize late-differentiating cells exploits photoconversion 
labeling techniques, where the entire heart is photoconverted from green to red 
fluorescence at 24 hpf, and unphotoconverted “green-only” cells are found in the OFT 
by 48 hpf. (C) OFT progenitors, marked in purple, are found dorsal to ventricular (red) 
and atrial (yellow) progenitors in the late blastula embryo. At early gastrula stages, 
when cardiac progenitors are within bilateral fields in the anterior lateral plate 
mesoderm, OFT progenitors are medial to ventricular progenitors. Reproduced from 
Knight and Yelon, 2016. 
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Figure 1-7: Second heart field cells constitute a continuously differentiating 
epithelial sheath. Stills from live movies collected from 14 somites to 22 hpf using high-
speed SPIM imaging of embryos marked with Tg(tbx1:EGFP), which labels cardiac 
precursors, and Tg(drl:mCherry), which marks first heart field-derived cells. At 14 
somites, Tbx1+ cells are present as bilateral populations in the anterior lateral plate 
mesoderm. By 22 hpf, these cells are differentiating in a continuous epithelium 
emanating from the bilateral populations towards the linear heart tube, as can be seen 
from surface representations in M-O. Images adapted from Felker et al., 2019. 
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Figure 1-8: Flow regulates outflow tract explant morphology. Chick OFT explants 
with explant tissue marked in purple and scaffold marked in gold shows that in 
physiological flow conditions, explants form a mound-like morphology. However, in 
pathological flow conditions, they retain a leaflet morphology. Finally, in low flow 
conditions, the explants appear as a loose network that protrudes into the lumen. 
Reproduced from Biechler et al., 2014. 
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Figure 1-9: Anomalies of the cardiac outflow tract. In normal conditions, the 
pulmonary outlet arises from the right ventricle, while the systemic or aortic outlet 
emerges from the left ventricle. In Persistent Truncus Arteriosus (PTA), a single outlet 
arises from the right ventricle. In contrast, in Double Outlet Right Ventricle (DORV), both 
outlets are attached to the right ventricle. Patients with Transposition of Great Arteries 
(TGA) have the wrong connections, whereas in those with Overriding Aorta (OA), the 
aortic outlet is mispositioned over the Ventricular Septal Defect (VSD), marked with 
dotted lines. Reproduced from Neeb et al., 2013. 
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Figure 1-10: Multiple mechanoresponsive genes are expressed in the outflow 
tract as early as 36 hpf. (A-C) Diagrams showing retrograde flow patterns in the 
atrioventricular canal (AVC) and atrium over development. As retrograde flows in the 
AVC increase, mechanoresponsive genes such as notch1b and klf2a progressively 
concentrate in the AVC endocardium (white arrow) and outflow tract endocardium 
(black arrow). Figure adapted from Vermot et al., 2009. 
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ABSTRACT 

 

Mechanical inputs orchestrate cellular dynamics in order to precisely shape 

developing organs. For example, blood flow and contractility generate biomechanical 

cues that influence cardiovascular morphogenesis, although the relevant cellular and 

molecular mechanisms remain relatively mysterious. Here, we address the impact of 

cardiac function on organ dimensions in the context of the cardiac outflow tract (OFT), a 

crucial portal between the heart and vasculature. In zebrafish, the OFT expands via 

accumulation of inner endocardial and overlying myocardial cells. However, when 

cardiac function is disrupted, OFT endocardial growth ceases, accompanied by reduced 

proliferation and reduced addition of endocardial cells from adjacent vessels. Loss-of-

function of the TGFβ receptor Alk1 inhibits addition of endocardial cells without blocking 

their proliferation, suggesting distinct regulation of these two cell behaviors. Thus, our 

results indicate that cardiac function leads to endocardial accumulation by triggering 

both proliferation and cell addition, thereby inducing OFT lumen expansion and shaping 

OFT dimensions. 
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INTRODUCTION 

 

Organs are sculpted in a dynamic physical environment, where they are pulled, 

squeezed and twisted in a spatiotemporally heterogeneous manner. Such anisotropic 

mechanical influences are indispensable for proper development: they activate specific 

signaling cascades to drive essential cellular decisions on growth and rearrangement 

(Eder et al., 2017; Heisenberg & Bellaiche, 2013). In this way, physical influences forge 

an organ’s characteristic contours and proportions, which ultimately facilitates function. 

Despite their importance, however, the molecular and cellular mechanisms that tune 

organ shape in response to forces remain elusive in multiple contexts.  

The embryonic heart serves as an important system to study how biomechanical 

cues enforce organ form (Collins & Stainier, 2016; Sidhwani & Yelon, 2019). As blood 

flows through the sequentially contracting chambers, it sloshes along the grooves and 

gorges created by the inner endocardial layer of the heart. The resulting perturbations in 

fluid parameters, as well as contractility intrinsic to the outer myocardial layer, can jointly 

modulate cellular behaviors to create a heart of the appropriate dimensions. In the 

zebrafish heart, for example, hemodynamic influences promote regionalized cellular 

expansion and myofibril maturation, while contractility restricts myocardial cell size, as 

the characteristic curvatures of the ventricular chamber emerge (Auman et al., 2007; Lin 

et al., 2012). This myocardial growth is spatiotemporally coordinated with that of the 

underlying ventricular endocardium, where blood flow instigates proliferation and 

cellular hypertrophy (Dietrich et al., 2014). In a similar timeframe, function-induced 

expression of the TGFβ type I receptor Alk1 in arterial vessels facilitates endothelial 
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migration into the heart, resulting in the restriction of the lumenal diameter of the distal 

cranial vessels (Corti et al., 2011; Rochon et al., 2016). Flow-related parameters also 

activate the calcium channels Trpp2 and Trpv4 to upregulate expression of the 

transcription factor klf2a which remodels the endocardial cells lining the atrioventricular 

canal in a wnt9b-dependent manner (Galvez-Santisteban et al., 2019; Goddard et al., 

2017; Heckel et al., 2015). Thus, cardiac function impacts multiple tissues – 

myocardium, endocardium, and endothelium – during the synchronous development of 

the continuous cardiovascular system.  

The cardiac outflow tract (OFT), a tubular portal at the junction where the heart 

meets the vessels, could provide meaningful insight into the collaboration between 

cardiac and vascular morphogenesis. Despite the importance of the OFT, the cellular 

mechanisms that precisely calibrate its dimensions remain largely mysterious. The OFT 

myocardium is derived from late-differentiating second heart field (SHF) progenitor cells 

that append to the arterial pole of the contracting primitive heart tube, which itself is 

formed by early-differentiating first heart field cells (Cortes et al., 2018; Felker et al., 

2018; Francou & Kelly, 2016; Knight & Yelon, 2016). Pathways regulating SHF 

proliferation, epithelialization and differentiation ensure an adequate supply of 

myocardial cells for construction of the initial OFT. Fgf and canonical Wnt pathways, for 

example, regulate proliferation of SHF progenitors (Cohen et al., 2007; de Pater et al., 

2009; Lin et al., 2007; Zeng & Yelon, 2014). Tbx1-dependent epithelial characteristics 

and protrusive activity of SHF progenitors are also important for their proper proliferation 

and differentiation (Francou et al., 2014). Recent live imaging analysis in zebrafish 

suggests that SHF-derived cells constitute an epithelial sheath that wraps around an 
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emerging endocardium (Felker et al., 2018). Subsequently, the AP-1 transcription factor 

Fosl2 is thought to control the timing of SHF differentiation (Jahangiri et al., 2016). 

Beyond our understanding of SHF progenitor dynamics, however, not much is known 

about how SHF-derived cells organize into an appropriately shaped OFT.  

Since the OFT is formed in the context of active blood flow and contractility, 

biomechanical forces associated with function could be influencing the initial steps of 

establishing OFT morphology. Indeed, later phases in OFT morphogenesis, specifically 

endocardial cushion remodeling and valve formation within the mature OFT, have been 

shown to depend on cardiac function. For example, flow stimulates the deposition of 

fibrous extracellular matrix proteins during valve formation in chick OFT explants 

(Biechler et al., 2014). Function-mediated notch1b expression also regulates OFT valve 

formation in zebrafish (Hsu et al., 2019), consistent with earlier work in chick in which 

surgical obstruction of blood flow led to OFT valve anomalies (Hogers et al., 1999). 

Moreover, recent studies in mice indicate that SHF deployment exerts epithelial tension, 

which promotes SHF proliferation in a YAP/TAZ-dependent fashion (Francou et al., 

2017). Together, these data imply that the early OFT could be exposed to, as well as 

sensitive to, multiple functional influences; however, a role for cardiac function during 

the initial phases of OFT construction has not been evaluated. 

Here, we exploit the utility of zebrafish genetics and high-resolution 

morphometrics to unravel function-induced mechanisms governing the cellular 

underpinnings of OFT shape. We find that the expansion of the OFT endocardium and 

myocardium are accompanied by endocardial cell accumulation from two sources: 

endocardial proliferation and addition of endothelial cells from the neighboring aortic 
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arches. Disruption of cardiac function leads to a collapse of the OFT endocardium and 

inhibits endocardial cell accumulation by interfering with both proliferation and addition 

of cells. Importantly, we find that loss of Alk1 function interferes with endothelial cell 

addition without mitigating proliferation, in a manner that is similar to mutants in which 

atrial function is disrupted, presumably altering the patterns of blood flow into the 

ventricle and OFT. Together, our studies propose a model where contractility and blood 

flow concertedly trigger endocardial proliferation and Alk1-dependent endothelial 

addition in order to construct an endocardial scaffold that myocardial cells encase to 

mold a bilayered OFT.  Our work has broad implications for understanding the potential 

causes of congenital heart defects, 30% of which include OFT malformations (Neeb et 

al., 2013), as well as for comprehension of the mechanisms underlying hereditary 

hemorrhagic telangiectasia type 2, which is caused by mutations in Alk1(Letteboer et 

al., 2006; Roman & Hinck, 2017) . 
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RESULTS 

 

Cellular accumulation accompanies outflow tract growth 

The cardiac outflow tract (OFT) is morphologically distinct from the ventricle: 

whereas the ventricle has a bean-shaped appearance following chamber emergence 

(Auman et al., 2007), the OFT is a tubular structure separated from the expanded 

ventricle by a defined constriction (Fig. 2-1A,B). Although the OFT can be qualitatively 

distinguished from the ventricle, we do not understand the cellular mechanisms that 

build this discrete structure.  

OFT morphology could be a cumulative outcome of changes in cell number, cell 

size and cell shape. To evaluate if cellular accumulation accompanies OFT 

morphogenesis, we examined the number of OFT cells at two stages: 36 hours post 

fertilization (hpf), when differentiation of SHF cells is underway, and 51 hpf, when the 

mature OFT has been formed (Guner-Ataman et al., 2013; Lazic & Scott, 2011; Zhou et 

al., 2011). Since we do not have a molecular marker that specifically delineates the OFT 

at these stages, we used reproducible morphological landmarks to demarcate its 

boundaries: proximally to distally (with respect to the arterial end of the ventricle), the 

OFT begins at the myocardial constriction between the ventricle and the OFT, and ends 

at the bifurcation of the aortic arches (Fig. 2-1A,B; see Materials and Methods for more 

detail). Quantification of endocardial cell number at 36 hpf and 51 hpf revealed that 

endocardial cells accrue as the OFT develops (Fig. 2-1C, G, S). Myocardial cell number 

in the OFT also increases during this time (Fig. 2-1K, O, W), concordant with previous 

studies demonstrating that SHF-derived myocardial cells append to the arterial pole 
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between 24 hpf and 48 hpf (de Pater et al., 2009; Lazic & Scott, 2011). Corresponding 

with the observed increases in the total number of cells, the number of endocardial and 

myocardial cells in a medial cross-section of the OFT also increases during this time 

interval (Fig. 2-1D, H, L, P, T, X).  

To determine if changes in cell morphology also contribute to OFT expansion, we 

analyzed endocardial and myocardial cell shape and size at 36 hpf and 51 hpf. We 

focused our analysis on the lateral walls of the OFT, termed outer curvature (OC) and 

inner curvature (IC) for their differential convex and concave curvatures (see Materials 

and Methods for more detail). Our results demonstrate that OFT endocardial cells 

become smaller and rounder during OFT expansion, in both the OC and IC (Fig. 2-1E-

F, I-J, U-V). Simultaneously, and in contrast to endocardial cells, OFT myocardial cells 

become marginally larger, particularly in the OC, while also becoming more circular 

(Fig. 2-1M-N, Q-R, Y-Z).  

Together, our studies indicate that OFT development is accompanied by distinct 

cellular behaviors in both layers: in the endocardium, cells accrue over time and get 

rounder and smaller, while in the myocardium, cells also accumulate and get rounder, 

but instead undergo regionalized expansion. Notably, these trends in endocardial and 

myocardial cell morphologies are similar to those observed in the ventricle during 

chamber formation (Auman et al., 2007; Dietrich et al., 2014). How might these cellular 

processes underlie OFT expansion? Given that endocardial cells are getting smaller 

and myocardial cells are expanding only within certain areas of the OFT, our data 

suggest cellular increment as the primary mechanism for OFT growth between 36 hpf 

and 51 hpf.  
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Proliferation and addition contribute to OFT endocardial expansion 

Reasoning that the endocardium could act as a platform for myocardial 

assembly, we focused our investigation on potential sources of the additional 

endocardial cells that accumulate in the OFT. Prior studies in zebrafish have found that 

ventricular endocardial cells proliferate between 24 hpf and 48 hpf (Dietrich et al., 

2014). Recent work has also determined that cells from the arterial vasculature migrate 

into the heart, in a direction opposing blood flow, during a similar timeframe (Rochon et 

al., 2016). To begin addressing whether either of these mechanisms contribute to OFT 

expansion between 36 hpf and 51 hpf, we evaluated whether OFT endocardial cells 

proliferate during this period. At 36 hpf, we injected embryos with the thymidine analog 

EdU, which is incorporated into mitotic cells during S phase. At 51 hpf, we consistently 

observed ~5 EdU+ endocardial cells in the OFT, corresponding to an OFT endocardial 

proliferation index (PI) of 25.8 ± 1.2 % (Fig. 2-2A-D). To complement this analysis, we 

incubated embryos with the thymidine analog BrdU between 36 and 51 hpf; BrdU 

incorporation provided evidence for a similar rate of OFT endocardial proliferation (PI = 

28.9 ± 4.2 %; Fig. 2-2E-H). Altogether, our data suggest that proliferation is one 

mechanism by which endocardial cells accrue over time in the OFT. 

Since previous studies indicate that endothelial cells from the arterial vasculature 

append to the heart (Rochon et al., 2016), we next investigated whether endothelial 

cells from external sources supply endocardial cells to the OFT between 36 hpf and 51 

hpf. To begin evaluating this, we specifically labeled OFT endocardial cells at 36 hpf 

using photoconversion in Tg(kdrl:dendra) embryos, in which the green-to-red 

photoconvertible protein Dendra is expressed in the endothelium (Fig. 2-3A). By 51 hpf, 
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the OFT contained two populations of  cells: those expressing only the native form of 

Dendra, which fluoresces green, and those containing the photoconverted “red” version 

of Dendra in addition to the newly synthesized “green” form. These data suggest that 

endocardial addition indeed supplements OFT growth (Fig. 2-3C-H). Interestingly, the 

“green-only” cells were present around the distal edge of the OFT at 51 hpf, while the 

proximal edge of the OFT appeared intact, suggesting that cells from the adjacent aortic 

arches may be contributing to OFT expansion. To test whether cells from the aortic 

arches come to occupy the OFT, we targeted one of the bilateral first aortic arches 

(AA1) by photoconversion in Tg(kdrl:dendra) embryos at 36 hpf (Fig. 2-3B). Indeed, we 

found photoconverted cells in the OFT by 51 hpf, most frequently in the distal parts of 

the OFT (Fig. 2-3O), suggesting that cells from the AA1 do relocate to the OFT 

endocardium (Fig. 2-3I-N). Overall, these experiments show that both cellular 

proliferation and endothelial addition contribute to OFT endocardial growth. 

During chamber emergence, myocardial cells in the outer curvature of the 

ventricle expand, whereas those in the inner curvature retain smaller morphologies 

(Auman et al., 2007). Such localized cellular growth is thought to engender differential 

curvatures in the heart, thereby contributing to its functional capacity. We wondered if 

cellular features of the OFT could similarly provoke changes in its overall structure. To 

begin addressing this, we analyzed OFT dimensions by creating surfaces 

representative of the endocardial wall (see Materials and Methods). At 36 hpf, the OFT, 

as we define it, is a linear structure that appears uniformly wide along the proximal-

distal axis (Fig. 2-4A-E). Interestingly, by 51 hpf, the OFT has adopted a funnel-like 

morphology, such that its opening into the aortic arches is larger than its connection to 
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the ventricle (Fig. 2-4K-O. Fig. 2-5). This shape could facilitate efficient efflux of blood 

while restricting reversing flows, a task that is later accomplished by OFT valves (Hinton 

& Yutzey, 2011). Importantly, this aspect of OFT shape strongly correlates with our 

observations that cells from the AA1 add primarily to the distal OFT. In addition to the 

increase in distal sectional area, the enclosed volume of the OFT endocardium also 

expands between 36 hpf and 51 hpf (Fig. 2-4U). Differences in endocardial volume in 

fixed samples were confirmed using complementary analysis in live embryos, where, 

similar to fixed embryos, OFT expansion by 51 hpf is clearly visible (Fig. 2-6). Thus, 

endocardial cellular accumulation coincides with endocardial growth, which presumably 

facilitates lumen expansion for unimpeded flow of blood.  

Given that the number of myocardial cells also increases during this time, we 

hypothesized that OFT myocardial volume would also enlarge. Indeed, our results show 

that the enclosed volume of the myocardium increases markedly during this time (Fig. 

2-4V). We also observed an intriguing coupling of endocardial and myocardial volumes 

at 36 and 51 hpf (Fig. 2-4W), suggesting that the two layers develop in a coordinated 

manner. Together, these data indicate that the OFT attains a stereotypical morphology 

by 51 hpf, in a process that is regulated on a cellular level. 

 

Cardiac function promotes OFT endocardial enlargement 

Since the OFT is assembled atop a beating heart, we speculated that functional 

cues are necessary for OFT morphogenesis. To begin investigating this, we analyzed 

OFT endocardial volume and proximal-distal sectional areas in silent heart (sih) 

mutants, which lack contractility, and consequently blood flow, due to a mutation in 
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troponin T type 2a (tnnt2a), a cardiac specific troponin T (Sehnert et al., 2002). At 36 

hpf, we found that OFT endocardial volume and sectional areas are indistinguishable 

between wild type and sih (Fig. 2-4A-J, U, X-Y); however, by 51 hpf, whereas the wild-

type OFT endocardium has grown in volume and medio-distal sectional area, the sih 

OFT failed to expand (Fig. 2-4K-T, U, X-Y). The OFT myocardial volume is similar in 

wild-type and sih embryos at 51 hpf, suggesting that cardiac function primarily regulates 

endocardial growth (Fig. 2-4V). Similarly, in live images of sih at 51 hpf, the OFT 

endocardium also appears as a thin row of cells with a significantly different volume 

than the wild-type endocardium (Fig. 2-6). Strikingly, in sih, while the endocardial 

volume is similar between 36 hpf and 51 hpf, the sectional area is significantly reduced 

by 51 hpf. In this regard, it is informative to reflect upon recent studies in mice, which 

suggest that SHF deployment confers epithelial tension on the dorsal pericardial wall 

(DPW) (Francou et al., 2017). Since the endocardium and myocardium are closely 

apposed during OFT morphogenesis, epithelial tension between the DPW and the 

developing myocardium could be influencing OFT proportions. Consequently, in the 

absence of endocardial growth, the OFT endocardium could appear stretched in the 

proximal-distal direction, as observed in sih at 51 hpf.  

 

Cardiac function promotes OFT endocardial accumulation 

We next investigated the cellular mechanisms through which cardiac function 

promotes OFT endocardial enlargement. Since OFT growth in wild-type is accompanied 

by cellular accumulation, we first quantified OFT cell number at 36 hpf and 51 hpf in sih. 

At 36 hpf, the number of OFT endocardial cells in wild-type and sih is comparable, 
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consistent with the similarity in OFT endocardial volume at this stage (Fig. 2-7A, C, K). 

By 51 hpf, however, this number is significantly smaller in sih than in wild-type (Fig. 2-

7B, D, K); consequently, sih mutants have fewer endocardial cells per medial section as 

well (Fig. 2-7A’-D’, L). To confirm that this phenotype is dependent on cardiac function 

and not on cardiac troponin T specifically, we next evaluated OFT endocardial cell 

number in half-hearted (haf) mutants, which lack Ventricular Myosin Heavy Chain, and 

thus have non-contractile ventricles (Auman et al., 2007). Excitingly, haf mutants also 

exhibit a similar trend in OFT endocardial cell number (Fig. 2-7E-F, K), suggesting that 

function promotes endocardial accumulation in the OFT. On performing cellular 

morphometric analysis, we also determined that OFT endocardial cells in sih are larger 

and elongated in comparison to wild-type at 51 hpf (Fig. 2-9). Therefore, in the absence 

of cardiac function, multiple aspects of the OFT endocardium fail to develop normally. 

Additionally, although sih mutants have a normal number of OFT myocardial cells at 51 

hpf, the number of cardiomyocytes in a medial section is strikingly reduced (Fig 2-8). 

Putting together these observations, we propose that cardiac function promotes OFT 

endocardial accumulation, which influences cellular arrangement in the overlying 

myocardium to facilitate overall OFT growth.  

 

Atrial function is required for cellular accumulation in the OFT endocardium 

To begin isolating the effects of contractility and blood flow in OFT expansion, we 

assessed the weak atrium (wea) mutant, which has a mutation in atrial myosin heavy 

chain (amhc/myh6), an atrial specific myosin isoform (Berdougo et al., 2003). wea 

mutants have non-contractile atria, due to which blood flow into the ventricle and OFT is 
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thought to be reduced. As in sih and haf, OFT endocardial cell number is normal in wea 

at 36 hpf (Fig. 2-7G, G’, K). However, at 51 hpf, the wea OFT has significantly fewer 

endocardial cells in comparison to wild-type, both in the OFT overall as well as in a 

medial section (Fig. 2-7H, H’, L). To begin dissecting the nature of the fluid force(s) that 

could be influencing endocardial accumulation, we assayed the number of endocardial 

cells at 36 hpf and 51 hpf in gata1 morphants, which have fewer erythrocytes, and 

hence reduced shear forces (Vermot et al., 2009). At 51 hpf, the number of OFT 

endocardial cells in gata1 morphants is comparable to wild-type (Fig. 2-7I-J, K-L), which 

suggests that shear forces do not influence OFT cell number. Nevertheless, we cannot 

exclude the possibility that shear forces from blood plasma are sufficient for OFT 

endocardial accumulation. Overall, our data show that cardiac function and atrial 

function are both necessary for OFT endocardial growth. 

 

Blood flow drives endothelial displacement but not proliferation in the OFT  

What are the cellular mechanisms by which functional cues promote OFT 

endocardial growth? To answer this, we first inspected OFT endocardial proliferation in 

sih mutants using both EdU and BrdU assays. Interestingly, whereas endocardial cells 

in the wild-type OFT incorporate EdU between 36 hpf and 51 hpf with a PI of 29.6 ± 3.6 

%, the PI in sih OFT endocardium is significantly reduced to 10.2 ± 4.3 % (Fig. 2-10A-F, 

Fig. 2-11C-D). This reduction is recapitulated in the haf OFT as well, where the 

endocardial cells were found to divide with a PI of 15.6 ± 4.8 % (Fig. 2-10G-I, M, Fig. 2-

11E-F). Thus, cardiac function bolsters OFT endocardial proliferation, as has been 

previously suggested for the ventricular endocardium (Dietrich et al., 2014). Next, we 
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evaluated if cardiac function also induces endothelial addition to the OFT from AA1 

between 36 hpf and 51 hpf. For this purpose, we photoconverted AA1 cells in sih; 

Tg(kdrl:dendra) embryos at ~36 hpf, and probed for red cells in the OFT at ~51 hpf. In 

contrast to wild-type embryos, where 5/5 embryos displayed red cells in the OFT, in sih, 

only 1/6 embryos had red cells in the OFT by 51 hpf (Fig. 2-12A-L, S-T). These 

observations were also confirmed in sih morphants (Fig.2-13). Then, to determine if 

either or both of these cellular processes depend on blood flow, we inspected 

proliferation and addition in wea mutants. Surprisingly, OFT endocardial cells in wea 

mutants proliferate normally, with a PI of 27.8 ± 6.3 % (Fig. 2-10J-M, Fig. 2-11G-H). In 

contrast, endothelial addition to the OFT is reduced in wea when compared to wild-type 

(Fig. 2-12M-R, U). Taken together, our experiments suggest that endothelial addition, 

but not OFT endocardial proliferation, is dependent on blood flow. It is important to note, 

however, that PI measurements depend on the total number of cells, which itself is 

impacted by cellular addition; therefore, we cannot preclude a subtle reduction of OFT 

endocardial proliferation in wea.  

 

Klf2a and Klf2b are not essential for endocardial accumulation in the OFT 

Functional cues must be interpreted by mechanotransducers in endothelial cells 

to instigate tissue-wide changes in the OFT. The mechanotransducive transcription 

factor klf2a is highly expressed in the endocardium at 36 hpf, and progressively 

concentrates at the atrioventricular canal and OFT endocardium by 48 hpf (Vermot et 

al., 2009). Although Klf2 is known to be an essential mediator of atrioventricular canal 

development (Goddard et al., 2017; Heckel et al., 2015; Steed et al., 2016; Vermot et 
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al., 2009), less is known about whether klf2a and its paralog klf2b play a role in OFT 

development. To begin testing a role for Klf2 factors in endocardial accumulation in the 

OFT, we quantified OFT endocardial cell number in wild-type siblings and klf2a;klf2b 

double mutants (henceforth called klf2 mutants) at 51 hpf. Ten out of eleven klf2 

mutants appeared remarkably normal, suggesting that Klf2 factors do not govern OFT 

endocardial accumulation. We did, however, observe a significant reduction in OFT 

endocardial cell number in one embryo, suggesting the possibility of a poorly penetrant 

phenotype, as has been observed for other cardiac phenotypes in klf2 mutants (Fig. 2-

15) (Rasouli et al., 2018). Interestingly, in experiments where klf2 mutants were 

selected for analysis prior to fixation based on subtle morphological anomalies, such as 

distension of the OFT and atrioventricular canal, we observed low OFT endocardial cell 

number in a higher proportion of mutant embryos (3/7 embryos; data not shown). This 

phenotype, which is obvious under a stereoscope by 74 hpf (data not shown), is 

strikingly reminiscent of sih and haf. Therefore, although it appears that Klf factors could 

be playing a role in OFT endocardial accumulation, our data suggest that they are not 

absolutely essential. 

 

The mechanotransducive TGFβ receptor Alk1 is required for OFT growth 

Another interesting candidate for a mechanotransducer mediating OFT 

endocardial development is the TGFβ receptor Alk1, whose expression as well as 

activity in the arterial endothelium depends on cardiac function (Corti et al., 2011; Laux 

et al., 2013). Importantly, Alk1 mediates endothelial migration towards the heart 

between 24 hpf and 48 hpf (Rochon et al., 2016). Although these migrating endothelial 
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cells culminate in the heart, a role for Alk1 in endocardial morphogenesis has not yet 

been investigated.  

To begin evaluating if Alk1 promotes OFT growth between 36 hpf and 51 hpf, we 

quantified OFT endocardial cell number in alk1 morphants. Previous studies have 

established that alk1 morphants phenocopy alk1 mutants; both the mutant and MO-

injected embryos exhibit characteristics of hereditary hemorrhagic telangiectasia type 2 

(HHT2), where the cranial vessels are visibly dilated by 36 hpf (Corti et al., 2011; Laux 

et al., 2013; Rochon et al., 2016). At 36 hpf, the number of endocardial cells in the OFT 

was comparable between uninjected controls and alk1 morphants, as is the case for 

functional mutants. Strikingly, by 51 hpf, the OFT endocardial cell number is significantly 

reduced in alk1 morphants compared wild-type (Fig. 2-14A-E). We confirmed this 

phenotype in alk1 mutants as well (Fig. 2-16). The reduction in cell number manifests as 

a shortened OFT in most cases (Fig. 2-14) but can sometimes lead to a narrower OFT 

(data not shown). Notably, alk1 morphants have normal heart rates at 36 hpf, but exhibit 

a slight yet significant reduction in heart rate by 51 hpf (Fig. 2-17). Although the 

declining heart rate could be influencing the severity of the OFT phenotype, given the 

considerable reduction in OFT endocardial cell number, we do not anticipate that it 

affects endocardial accumulation substantially.  

 

Alk1 promotes endothelial addition independent of proliferation  

To further elucidate the cellular mechanisms that underlie the reduction in 

endocardial cell number, we assayed OFT endocardial proliferation in alk1 morphants. 

Due to the similarity in OFT endocardial cell number in alk1 morphants and wea 
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mutants, we hypothesized that alk1 morphants will have normal proliferation and 

reduced addition from the aortic arches, as is the case in wea. Indeed, alk1 morphants 

proliferate with a PI of 29.1 ± 2.7 %, in comparison to 21.5 ± 1.9 % in uninjected 

controls (Fig. 2-14F-L), which suggests that proliferation is not reduced when Alk1 

function is disrupted. In contrast, injecting alk1 morpholino into Tg(kdrl:dendra2) 

embryos abated endothelial addition from AA1 into the OFT; whereas 3/3 uninjected 

controls demonstrated photoconverted cells in the OFT at 51 hpf, 0/5 alk1 morphants 

had red cells in the OFT by 51 hpf (Fig. 2-18). When we synthesize these data with prior 

studies showing that alk1 expression is reduced in sih (Corti et al., 2011), and our 

observations of decreased endothelial addition to the OFT in sih and wea, an intriguing 

model begins to emerge, which suggests that blood flow stimulates alk1 expression to 

promote endothelial addition into the OFT, which shapes the overall OFT structure.  
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DISCUSSION 

 

In this work, we provide new perspectives on the cellular, molecular and physical 

mechanisms by which the initial OFT attains its stereotypical morphology. By capturing 

the cellular dynamics underlying an understudied phase of OFT development, we begin 

to assemble a coherent picture of OFT morphogenesis with unprecedented detail. Our 

data identify a previously unappreciated role for cardiac function in modulating the 

precise interplay of cellular dynamics in the OFT endocardium. Specifically, we find that 

cardiac function promotes both proliferation and endothelial addition in the OFT. 

Consequently, in the absence of cardiac function, OFT endocardial growth and 

myocardial arrangement are severely disrupted. Our studies further uncover a novel 

function for the flow-responsive TGFβ type I receptor Alk1 in triggering cellular 

displacement, but not proliferation, in the OFT endocardium. Intriguingly, this phenotype 

is strikingly reminiscent of mutants where atrial function is specifically disrupted, 

indicating a potential role for blood flow in regulating Alk1 signaling to drive endothelial 

addition to the OFT. Overall, these findings suggest a model where cardiac function 

promotes both proliferation and Alk1-dependent endothelial addition to forge the inner 

endocardial wall of the OFT, which serves as a platform for myocardial organization to 

build a proper conduit for blood flow.  

While our studies suggest that proliferation and addition collaboratively shape the 

OFT endocardium, we do not know if the two cellular behaviors are independent or 

molecularly coupled. In this regard, it is interesting to consider that while endothelial 

cells emanating from the aortic arches are routinely found in the distal OFT (Fig. 2-3), 
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BrdU+ cells are frequently observed in the proximal endocardium of the wild-type OFT 

(data not shown). Moreover, in alk1 morphants, where endothelial addition is absent, 

the number of EdU+ cells appears unaltered (Fig. 2-14). These findings strongly imply 

that cells immigrating from the aortic arches are not dividing as they add to the OFT. In 

fact, a closer examination of OFT endocardial cell numbers in multiple conditions 

suggests that ~2-3 cells are added to the OFT endocardium as a result of proliferation, 

while ~10-15 cells come in from the bilateral aortic arches. Together, these data evoke 

a model where proliferation in the OFT endocardium determines the proximal diameter 

of the OFT, whereas cells from the aortic arches add to this emerging framework to 

facilitate distal expansion. Alternatively, endocardial cells from the ventricle, OFT and 

aortic arches could be undergoing significant rearrangement between 36 hpf and 51 

hpf. To clarify this further, future studies could employ long-term live imaging of the OFT 

endocardium to visualize early OFT morphogenesis at high cellular resolution. Rigorous 

testing of this model awaits development of optogenetic tools to block proliferation 

specifically within the proximal endocardium. 

If proliferation and displacement within the OFT endocardium are indeed 

uncoupled, it is likely that distinct molecular, and potentially physical, mechanisms 

govern the two cellular behaviors independently. As detailed above, a possible 

molecular mechanism regulating addition separately from proliferation is Alk1 signaling. 

Could different biomechanical cues lie upstream of such molecular pathways to 

orchestrate endocardial cell dynamics? Our findings suggest that inhibiting atrial 

function to reduce blood flow into the ventricle, as in wea, leads to dampened addition 

from the aortic arches, while proliferation in the OFT endocardium appears unaffected. 
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This is in contrast to sih and haf mutants, where OFT contractility is itself impaired, and 

both addition and proliferation are reduced. These results imply that blood flow acts 

independently to stimulate endothelial addition, while contractility promotes endocardial 

proliferation. Alternatively, the milder defect in wea mutants could be inadequate to 

depress proliferative capacity of OFT endocardial cells. How might blood flow and 

contractility, which are inextricably linked in vivo, prompt seemingly disparate cellular 

mechanisms towards a common goal of constructing the OFT? Although we do not yet 

have the tools to alter flow parameters without affecting contractility in vivo, a 

combination of three-dimensional tissue engineering in controlled flow environments will 

enable us to begin answering this question ex vivo (Lane et al., 2012; Qasim et al., 

2019).  

Our findings that gata1 morphants do not exhibit a reduction in OFT endocardial 

cell number also beget the idea that even though blood flow is essential for endothelial 

addition to the OFT, shear forces from blood flow may not be the driving factor. This is 

in agreement with previous studies in the endothelium (Corti et al., 2011), 

atrioventricular canal (Heckel et al., 2015; Vermot et al., 2009) and ventricle (Dietrich et 

al., 2014), where loss of gata1 was not found to influence flow-induced developmental 

mechanisms. What other flow-related parameters could be instigating endothelial 

addition to the OFT? In the atrioventricular canal, oscillatory flows are thought to 

stimulate valve development (Heckel et al., 2015). wea mutants indeed have reduced 

oscillatory flows at later stages (Vedula et al., 2017), so flow direction could be 

promoting endothelial addition to the OFT. Another possibility that has remained largely 

unexplored is the effect of stretch from blood pressure on developmental mechanisms 
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(Sidhwani & Yelon, 2019). Further work could employ spectroscopy techniques to 

directly manipulate flow direction or induce stretch to decipher the effects of such 

physical perturbations in vivo (Anton et al., 2013; Marjoram et al., 2016; Sidhwani & 

Yelon, 2019). Finally, blood may transport ligands to activate pathways promoting 

endothelial migration. In fact, previous studies have shown that, not only is alk1 

expression dependent upon function, but the Alk1 ligands bmp10 and bmp10-like are 

expressed in the heart and brought to the site of alk1 expression by blood flow (Laux et 

al., 2013). Therefore, in addition to flow-induced forces, it is important to consider blood 

as a carrier of vital molecules when analyzing functional mutants. 

To support heightening blood flow, the cardiovascular system must continually 

adapt to increasing cardiac function. Alk1 is thought to play a central role in this 

process: it “senses” functional inputs to restrict lumen size of cranial vessels, while 

promoting expansion of vessels proximal to the heart (Corti et al., 2011; Laux et al., 

2013; Rochon et al., 2016). In this work, we cue in a fundamental element to this model 

by showing that Alk1 also reinforces OFT size. Our findings are especially intriguing in 

light of prior studies showing that murine embryos lacking bmp9 or bmp10, known 

ligands for Alk1, exhibit defects in cardiomyocyte proliferation and apoptosis, and 

consequently cardiac growth and maturation (Chen et al., 2013; Chen et al., 2004; 

Huang et al., 2012). Moreover, instances of cardiac failure are heightened in alk1 

knockout mice (Morine et al., 2017a; Morine et al., 2017b), as well as human patients of 

HHT2 (Cho et al., 2012; Goussous et al., 2009). Our results provide a renewed outlook 

on the pathogenesis of such cardiac abnormalities in HHT2 patients. Although further 

work is required to determine the relationship between the various effects of Alk1 
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signaling on the endocardium, endothelium and myocardium, our studies assert Alk1 as 

a key player in function-mediated synchronization of cardiovascular morphogenesis. 

While OFT growth appears to be intertwined with vascular development via Alk1, 

we have little insight into how it might be integrated with chamber emergence. Previous 

work in zebrafish has indicated that, as in the OFT, endocardial cells within the ventricle 

proliferate and get smaller in response to functional influences (Dietrich et al., 2014). 

Could similar mechanotransducive pathways oversee endocardial proliferation in the 

OFT and ventricle, and if so, how might they modulate proliferation to build a ballooned 

chamber versus a cylindrical OFT? The Klf2 factors, which are differentially expressed 

in the OFT and ventricular endocardium, remain interesting candidates for one such 

mechanotransducive pathway. Although our work suggests that klf2a and klf2b are not 

reinforcing OFT endocardial cell number, the necessity of the Klf pathway in this 

process warrants further investigation. mRNA levels of klf2b and the related factor klf4 

(Clark et al., 2011; Goddard et al., 2017; Zhou et al., 2015) are increased in klf2a 

mutants (Rasouli et al., 2018), which suggests that the various Klf factors can 

compensate for each other. Therefore, as a first step, it is important for future studies to 

evaluate the contribution of the Klf homolog klf4 in addition to klf2a and klf2b in OFT 

endocardial accumulation and proliferation. 

Synthesizing our data with preceding studies promises to open additional 

avenues to grasp the etiology of, and design therapeutic strategies for congenital heart 

defects (CHD), a third of which include OFT abnormalities. For example, prior work has 

shown that defects in early OFT morphogenesis may lead to complications in OFT 

remodeling and septation, which often occur in patients with CHDs (El Robrini et al., 
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2016; Neeb et al., 2013; Yelbuz et al., 2002). Given that many cardiac anomalies induce 

secondary errors in function, recognizing functional influences on early heart 

development is a key step towards circumventing subsequent issues. Finally, our 

findings also have major repercussions for cardiac tissue engineering approaches. 

Fabricating functional hearts has traditionally required a extracellular matrix scaffold (Ott 

et al., 2008); our studies underscore the usefulness of considering the endocardium as 

an additional yet crucial scaffold for myocardial assembly. Altogether, our studies bear 

multifaceted biomedical consequences, in addition to significantly advancing our 

understanding of the many ways in which “form follows function”. 
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MATERIALS AND METHODS 

 

Zebrafish 

Embryos were generated by intercrossing wild-type zebrafish or zebrafish 

heterozygous for the tnnt2a mutant allele sihb109 (Sehnert et al., 2002), vmhc mutant 

allele hafsk46 (Auman et al., 2007), amhc mutant allele weam58 (Berdougo et al., 2003), 

alk1 mutant allele vbgy6 (Roman et al., 2002) , klf2a mutant allele klf2abns11 and klf2b 

mutant allele klf2bbns12 (Kwon et al., 2016), carrying the transgenes Tg(fli1a:negfp)y7 

(Roman et al., 2002), Tg(kdrl:grcfp) (Cross et al., 2003),Tg(kdrl:HsHRAS-mCherry)s896 

(Chi et al., 2008) , Tg(kdrl:gfp)la116 (Choi et al., 2007) and Tg(myl7:H2A-mCherry)sd12 

(Schumacher et al., 2013). The kdrl:ras-mCherry construct was modified and injected 

into embryos for stable insertion to generate the Tg(kdrl:dendra)sd8 line for 

photoconversion experiments . Embryos homozygous for sihb109, hafsk46 and weam58 

were selected based on visible contractility defects (Auman et al., 2007; Berdougo et 

al., 2003; Sehnert et al., 2002). alk1 mutant embryos were identified based on their 

vascular phenotypes, including dilated cranial vessels and reduced blood flow in the tail 

(Roman et al., 2002). klf2a mutant embryos were genotyped using high-resolution melt 

analysis (HRMA) with the primers GACACCTACTGCCAACCGTCTC (F) and 

GGGAAAGCAGGCCTGACTAGGAAT (R) (Kwon et al., 2016; Rasouli et al., 2018). 

klf2b mutant embryos were also genotyped with HRMA using the primers 

CGTGGCACTGAACACAGAC (F) and GCTGAGATCCTCGTCATC (R) (Kwon et al., 

2016; Rasouli et al., 2018). 
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Injections 

For knockdown experiments, embryos were injected at the 1-4 cell stage with 

previously characterized morpholinos: 4 ng of anti-tnnt2a (ZFIN: MO1-tnnt2a) (Sehnert 

et al., 2002), 2.5 ng of anti-amhc (ZFIN: MO1-amhc) (Berdougo et al., 2003), or 2.5 ng 

of anti-alk1 splice-blocking morpholino (5′-ATCGGTTTCACTCACCAACACACTC-3′) 

(Corti et al., 2011). In all cases, the morpholino phenotype was assessed qualitatively 

for severity, and was found to phenocopy mutants. No signs of toxicity were observed. 

 

Immunofluorescence 

Whole-mount immunostaining was modified from previously described protocols 

(Alexander et al., 1998; Cooke et al., 2005; Zeng & Yelon, 2014). Briefly, embryos were 

dechorionated and then fixed in 2% methanol-free formaldehyde for 10 minutes 

(Thermo Scientific, 28908), rinsed with 1x PBS and deyolked with a solution containing 

0.2% saponin (Sigma, S4521) and 0.5% Triton X-100 (G Biosciences, 786513) in 1x 

PBS containing 0.1% Tween 20 (1x PBT) (Sigma, P9416). Embryos were then rinsed 

with 1x PBT and fixed overnight with fresh 4% paraformaldehyde (PFA) (Sigma, 

P6148). The next day, embryos were washed with 1x PBT, treated with 10 ug/mL 

proteinase K for 8 minutes (36 hpf embryos) or 13 minutes (51 hpf embryos) to facilitate 

antibody penetration, and fixed again for 20-30 minutes using 4% PFA. After washing 

with 1x PBT to remove fixative, embryos were blocked with 2 mg/mL Bovine Serum 

Albumin (Sigma, A9647) and 10% goat serum in 1x PBT overnight at 4°C. Embryos 

were incubated with primary antibody in block solution as follows: 1:50 dilution of mouse 

anti-Dm-grasp (Developmental Studies Hybridoma Bank, Zn-8 supernatant), 1:400 
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dilution of anti-GFP (Life Technologies, A11122 or A10262) or 1:1000 dilution of rabbit 

anti-dsRed (Clontech, 632496) overnight at 4°C. Embryos were then washed 

extensively with 1x PBT and incubated with the following secondary antibodies in 1x 

PBT: 1:150 dilution of goat anti-mouse AlexaFluor 594 (Life Technologies, A11012) or 

goat anti-mouse AlexaFluor 647 (Life Technologies, A21446), 1:400 dilution of goat 

anti-rabbit AlexaFluor 488 (Life Technologies, A11008) or goat anti-chick AlexaFluor 

488 (Life Technologies, A11039) or goat anti-rabbit AlexaFluor 594 (Life Technologies, 

A11012) overnight at 4°C. After thorough washing with 1x PBT, embryos were mounted 

in 50% glycerol or SlowFade Gold anti-fade reagent (Invitrogen, S36936).	

 

Proliferation assays 

For BrdU treatments, embryos were soaked in freshly prepared 5 mg/mL BrdU in 

E3 from 36 hpf to 51 hpf, followed by fixation and detection (Dietrich et al., 2014). The 

EdU proliferation assay was adapted from previously described protocols (Hesselson et 

al., 2009), with slight modifications: embryos were injected pericardially or into the yolk 

with 1 nL EdU solution (200 uM EdU, 2% DMSO, 0.1% phenol red) at 36 hpf, followed 

by fixation at 51 hpf, whole-mount immunostaining as described above, and Click-iT 

detection as per manufacturer’s guidelines (Invitrogen, C10339). Proliferation indices 

were calculated using the following formula: proliferation index (%) = (number of EdU+ 

or BrdU+ cells/total number of cells) x 100). 
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Imaging and photoconversion 

Fixed samples were imaged from the left or left-ventral side on a Leica SP5 

confocal laser-scanning microscope, using a 25x water objective and a slice thickness 

of 0.5 μm for all experiments except for those shown in Figure 4 and Figure S4-1, where 

the slice thickness was 0.29 μm. For live imaging, 36 hpf or 51 hpf embryos were 

anesthetized using 1 mg/mL tricaine and mounted in 1% low-melt agarose containing 1 

mg/mL tricaine for imaging on a Zeiss Z.1 Light Sheet microscope. In some cases, 

relaxation buffer was used in accordance with previous guidelines (Huang et al., 2009); 

however, comparison of treated and untreated embryos yielded no difference in OFT 

measurements (data not shown). 36 hpf embryos were exposed to 0.5 mg/mL tricaine 

for 15-30 minutes prior to anesthesia to slow the heartrate, which leads to mild 

pericardial edema for optical access to the outflow tract. This strategy was also 

employed prior to photoconversion at 36 hpf, which was performed on embryos 

mounted in 2% methylcellulose containing 1 mg/mL tricaine, oriented with their left-

ventral side towards a 25x water objective on a Leica SP5 confocal laser-scanning 

microscope. A region-of-interest (ROI) was selected for a 10-15 minute exposure to UV 

light at 25% laser intensity, until red signal was clearly visible in the ROI. Importantly, 

we determined that this UV exposure was not toxic and did not impair embryonic 

development. Embryos were imaged post-photoconversion with low Argon ion laser 

intensity (15%) to assess specificity: if regions beyond the intended ROI were 

photoconverted in an embryo, it was not analyzed further. Photoconverted embryos 

were then maintained until 51 hpf and imaged in 1 mg/mL tricaine.  
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Defining landmarks in the OFT 

Although there is no known molecular marker that is specific for the OFT at the 

stages analyzed, we were able to define OFT boundaries in a rigorous and reproducible 

manner, as detailed below. The anatomical terminology used to define the OFT is as 

follows: proximal and distal, with respect to the arterial end of the ventricle, and inner vs. 

outer curvatures, where the inner curvature (IC) is the lesser, concave surface of the 

curved OFT (continuous with the ventricular outer curvature) and the outer curvature 

(OC) is the greater, convex curvature of the OFT (continuous with the ventricular inner 

curvature) (Fig. 2-1A-B).  

The proximal boundary of the outflow tract was demarcated as the cross-

sectional plane at the morphological constriction between the ventricle and the OFT, as 

visualized using anti-Dm-grasp in fixed embryos, and Tg(myl7:H2A-mCherry) in live 

embryos. At 36 hpf, this plane is perpendicular to the proximal-distal axis (Fig. 2-1A). 

However, by 51 hpf, due to the curved appearance of the OFT, this plane could be 

angled such that its IC edge is tilted distally compared to the OC edge (Fig. 2-1B). This 

constriction is easily observable along the entire circumference of the OFT myocardium. 

We also noted qualitative differences in cell morphologies anterior and posterior to this 

constriction: the ventricular CMs posterior to this constriction appear larger than the 

OFT CMs anterior to this constriction. To verify these guidelines, we analyzed the wild-

type expression patterns of klf2a in the endocardium and of Isl1/2 and nppa in the 

myocardium. klf2a is highly expressed within the morphologicaly defined OFT at 48-51 

hpf, and gradually diminishes towards the ventricle (Vermot et al., 2009). Isl1/2 extends 

into the ventricle at the OC side of the OFT but ends at the distinct morphological 
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constriction between the ventricle and the OFT on its IC side (Witzel et al., 2017). 

Conversely, nppa is excluded from the OFT, and its expression also ends at the 

ventricle/OFT boundary on the IC side (Auman et al., 2007; data not shown). Overall, 

this methodology allowed us to determine the proximal boundary in a consistent 

fashion. 

The distal plane of the OFT was determined primarily using the bifurcation point 

of the aortic arches, but also considering the distal edge of Dm-grasp expression in 

fixed embryos or Tg(myl7:H2A-mCherry) expression in live embryos. At 36 hpf, Dm-

grasp-expressing cells are routinely found around the aortic arches in addition to around 

the OFT (Fig. 2-1A). Therefore, the OFT distal boundary is defined as the plane through 

the bifurcation point of the aortic arches (AA), proximal to the distal edge of Dm-grasp 

expression. By 51 hpf, the distal end of Dm-grasp expression coincides with the AA 

bifurcation point, especially on the OC side, in a majority of embryos (in a typical batch 

of 10 embryos, 8 exhibited this characteristic) (Fig. 2-1B); in these cases, either can be 

considered as the distal plane of the OFT. However, in embryos where the distal edge 

of Dm-grasp expression is proximal to the AA bifurcation point, the former is considered 

the OFT distal boundary. As is the case for the OFT proximal plane, the distal plane is 

perpendicular to the proximal-distal axis at 36 hpf, but by 51 hpf, it is tilted such that the 

OFT OC ends more distally compared to the IC. These boundaries are highly 

reproducible and stereotypical, as suggested by the low SEM for OFT cellular and 

volumetric analyses in wild-type embryos (Figs. 2-1, 2-4) and are thus faithful landmarks 

for the OFT. Embryos in which these boundaries were not clear, due to poor staining or 

imaging angle, for example, were not analyzed further. 
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Morphometrics 

All morphometric analyses were performed using Imaris (Bitplane) software 

unless mentioned otherwise. To perform OFT endocardial volumetric analysis, a 

smoothed surface (surfaces detail = 1) was created automatically using cytoplasmic 

GFP in Tg(kdrl:grcfp) embryos. The surface was then cut at the proximal and distal 

boundaries, as described above. We considered the volume of this surface to be the 

enclosed volume, since the surface “fills” the endocardial lumen of the OFT. For cross-

sectional area analysis, areas of triangles formed by three points along the 

circumference of the cross-section were calculated using Heron’s formula. A summation 

of the areas of all such triangles provides the total cross-sectional area of that plane. 

For OFT myocardial volumes in fixed samples, a surface was created manually 

using the “contour surfaces” function in Imaris, so as to obtain the enclosed volume. In 

multiple cross-sections through the OFT, the apical boundary of Dm-grasp expression 

was drawn manually, and the three-dimensional surface was created by connecting 

these two-dimensional boundaries. 

The medial cross-section (for cell counting and cross-sectional area 

measurements) is considered to be the plane through the central points in the OC and 

IC along the proximal-distal axis. 

For cell counting, the “spots” function in Imaris was used to count endocardial or 

myocardial nuclei in the region demarcated as the OFT. All cell area and circularity 

measurements were performed using ImageJ (Fiji) software as described previously 

(Auman et al., 2007). Briefly, the OC and IC walls of the OFT were partially 

reconstructed (~5 um thick for the myocardium and ~0.5 um thick for the endocardium), 
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using the slices where lateral boundaries of cells are clearly visible, and then collapsed 

into maximum intensity projections. Cellular boundaries were traced using anti-Dm-

grasp, a basolateral marker of cardiomyocytes, and anti-dsRed, which labels mCherry 

on endocardial cell surfaces in Tg(kdrl:HsHRAS-mCherry)-expressing embryos.  

 

Statistics and replication 

Statistical analysis was performed using GraphPad (Prism). First, a Shapiro-Wilk 

test was run to test normality of data. If data were normal, a Student’s T-test (two-tailed) 

was performed. If the data were not normal, a Mann-Whitney U-test was performed 

instead. For all experiments, >= 2 technical replicates and >= 5 biological replicates 

were analyzed, unless mentioned otherwise, when alternative methodologies were used 

to confirm data. 
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Figure 2-1: OFT development is characterized by endocardial and myocardial cell 
accumulation. (A-B) Cartoons illustrating prominent structural landmarks in frontal 
views of the OFT at 36 hpf (A) and 51 hpf (B). Eye and arrows demonstrate the angle of 
imaging. Note that at 36 hpf, second heart field cells are still differentiating, so the distal 
edge is defined using the point of aortic arch bifurcation (A). In all images, endocardial 
cells are shown in green and myocardial cells in red. Representative lateral slices (C, G) 
and medial sections (D, H) of the OFT in Tg(fli1a:negfp) embryos, where endocardial 
nuclei are marked by GFP fluorescence, labeled with an antibody against the 
myocardial marker Dm-grasp, demonstrate that the number of endocardial cells 
increases drastically between 36 hpf (C, D) and 51 hpf (I, J), as quantified in (S) and (T) 
(n = 12, 9 embryos; experimental replicates N = 3; asterisks mark significant difference 
from 36 hpf, p<0.0001, Student’s T test). Partially reconstructed endocardial walls of the 
inner (E, I) and outer (F, J) curvatures of the Dm-grasp-labeled OFT carrying the 
transgene Tg(kdrl:HsHRAS-mCherry) to outline endocardial cells, illustrate that 
endocardial cells get smaller (U) and rounder (V) over time (n= 7, 9 embryos; 29, 59, 
27, 43 cells; N= 3; asterisks mark significant difference from similar wall at 36 hpf, 
p<0.001, Mann Whitney test). Three-dimensional reconstructions (K, O) and medial 
sections (L, P) of the OFT myocardium labeled with Tg(myl7:H2A-mCherry) to visualize 
myocardial nuclei reveal a similar expansion of myocardial cell number between 36 hpf 
(K, L) and 51 hpf (O, P), which is graphically represented in (W) and (X) (n= 6,6 
embryos; N=1; asterisks mark significant difference from 36 hpf, p<0.01, Student’s T 
test). Partial reconstructions of the OFT myocardial walls immunostained with anti-Dm-
grasp at 36 hpf (M, N) and 51 hpf (Q, R) show that, as myocardial cells accumulate, 
they get larger specifically in the OC, while also getting more circular, trends that are 
graphically represented in (Y) and (Z), respectively (n= 8,8 embryos; 57, 79, 45, 64 
cells; N=2; asterisks mark significant difference from similar wall at 36 hpf, p<0.05, 
Mann Whitney test). White dots indicate GFP+ (D, J) or mCherry+ (P, V) nuclei. Bars in 
(S), (T), (W), (X) represent mean and SEM. Bars in (U), (V), (Y), (Z) represent median 
and interquartile range. 
Scale bar: 5 μm 
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Figure 2-2: Endocardial proliferation supplements OFT endocardial growth. (A-D) 
(A-D) Representative lateral slices show that EdU (red) is incorporated into the OFT 
endocardium between 36 hpf and 51 hpf in Tg(fli1a:negfp) (green) embryos marked with 
anti-Dm-grasp (grey), suggesting that OFT endocardial cells also proliferate with a 
proliferation index (PI) of 25.8 ± 1.2 % during this period of OFT expansion (n=6 
embryos, N=1). (E - H) BrdU assay confirms the EdU assay, since BrdU+ cells (red) are 
observed in Tg(fli1a:negfp) embryos when embryos are exposed to BrdU from 36 hpf to 
51 hpf, with a PI of 28.9 ± 4.2 % (n= 14 embryos; N= 2). Bars represent mean and 
SEM. 
Scale bar: 5 μm 
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Figure 2-3: Endothelial cells from the aortic arches contribute to OFT 
endocardium. (A-B) Lateral view of the heart and aortic arches is depicted in cartoons 
outlining the scheme of photoconversion labeling experiments to assess contribution of 
external sources (A) or endothelial cells from aortic arch I (AA1) (B) to the OFT 
endocardium. (C-H) At 36 hpf, either the OFT endocardium (C- E) or the AA1 
endothelium (I-K) were specifically photoconverted in Tg(kdrl:dendra) embryos, where 
the green-to-red photoconvertible protein is expressed under a pan-endothelial 
promoter. (F-H) In embryos where the OFT was photoconverted at 36 hpf, green-only 
cells were observed in the OFT at 51 hpf, indicating that extrinsic cells facilitate OFT 
growth between 36 and 51 hpf (n=3 embryos; N=2). (L-N) These cells appear to 
originate from the AA1, since red cells are found in the OFT at 51 hpf in embryos where 
the AA1 was photoconverted at 36 hpf. (O) Furthermore, these additional cells from the 
AA1 are frequently found in the distal region of the OFT (n=5 embryos; N=2). Dotted 
lines mark the AA1 and solid line indicates OFT endocardium. Arrowheads point to 
unphotoconverted cells and arrows indicate photoconverted cells in three-dimensional 
reconstructions.  
Scale bar: 20 μm 
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Figure 2-4: Cardiac function is necessary to promote OFT growth. Lateral views of 
three-dimensional reconstructions demonstrate the wild-type OFT and ventricle (A, K) 
and sih OFT and ventricle (F, P) marked with anti-Dm-grasp (red) and Tg(fli1a:negfp) 
(green). Since Dm-grasp marks the basolateral boundaries of myocardial cells and not 
the cytoplasm, the endocardium is visible through the myocardial layer. Zoomed in 
views of the OFT region show that at 36 hpf, the overall OFT appears similar in wild-
type (B) and sih mutants (G), which lack cardiac function (n= 5,4 embryos; N=2). 
However, by 51 hpf, whereas OFT endocardial and myocardial volumes have expanded 
significantly (p<0.0005, Student’s T test) in wild-type (L), the sih OFT endocardium (Q) 
fails to develop, as quantified in (U) and (V) respectively, resulting in a significantly 
higher ratio of myocardial to endocardial volume in sih by 51 hpf (W) (n= 7,6 embryos; 
N=2; asterisks depict significant difference from wild-type at similar stage, p<0.005, 
Student’s T test). Lateral (B¢, G¢, L¢, Q¢) and frontal (B², G², L², Q²) views of smoothed 
OFT endocardial surfaces created using cytoplasmic GFP expression in Tg(kdrl:grcfp) 
clearly display these differences. Of note, the lateral side of the WT OFT at 36 hpf (B¢) 
appears to transition into the frontal side at 51 hpf (L²), suggesting that the OFT rotates 
90° during this time. Additionally, while the OFT endocardium broadens distally in wild-
type (compare C-E, 36 hpf to M-O, 51 hpf; p<0.05, Student’s T test), it collapses 
substantially in sih (H-J, 36 hpf; R-T, 51 hpf), as seen in medial sections of 
Tg(fli1a:negfp)-expressing embryos (C, H, M, R) as well as proximal (D, I, N, S), medial 
(C¢, H¢, M¢, R¢) and distal (E, J, O, T) surfaces of Tg(kdrl:grcfp)-expressing embryos, and 
quantified in (X) and (Y) (n= 6, 4 for 36 hpf; 5, 5 embryos for 51 hpf; N=2; asterisks 
depict significant differences from wild-type at similar positions, p<0.005, Student’s T 
test). Lateral and frontal surfaces are oriented with the proximal end to the bottom. 
Proximal, medial and distal sections are oriented with the OFT outer curvature to the 
left. Bars represent mean and SEM.  
Scale bar: 5 μm 
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Figure 2-5: Function influences OFT endocardial growth. Three-dimensional 
reconstructions of lateral (A, C, E, G) and frontal (B, D, F, H) views of the OFT in wild-
type (A-D) and sih (E-H) embryos labeled with Tg(kdrl:grcfp) (green) and anti-Dm-grasp 
(red), the surface representations of which are displayed in Fig. 2-4. Z-slices were 
captured in the lateral orientation at low sampling intervals and rotated in the Bitplane 
(Imaris) software to generate frontal views. 
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Figure 2-6: Live imaging confirms that OFT endocardial growth depends upon 
function. Lateral views of Tg(kdrl:grcfp);Tg(myl7:h2a-mCherry) embryos, where the 
endocardium is marked in green and myocardial nuclei in red. Left panel (A, C, E, G) 
shows views of the OFT on top of the ventricle; right panel (B, D, F, H) are zoomed in 
views of the OFT. At 36 hpf, the OFT appears similar in wild-type (A, B) and sih (C, D). 
However, by 51 hpf, the sih OFT endocardium (G, H) is markedly smaller in volume 
compared to wild-type (E, F), as quantified in (I). Note that while endocardial volume of 
each group is higher than its fixed counterpart (Fig. 4), the differences in endocardial 
volume between 36 hpf and 51 hpf embryos (p<0.0001, Student’s T test) as well as 
wild-type and sih at 51 hpf (asterisks indicate significant difference from wild-type at 
similar stage, p<0.0001, Student’s T test) are proportionately similar between fixed and 
live embryos. n=7, 3 embryos; N=1 for 36 hpf. n=6, 5 embryos; N=2 for 51 hpf. Bars 
represent mean and SEM. 
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Figure 2-7: Function is essential for OFT endocardial accumulation in the OFT. 
Lateral slices (A-J) and medial sections (A¢-J¢) of Tg(fli1a:negfp) (green) embryos 
marked with anti-Dm-grasp (red) demonstrate that in wild-type embryos, the number of 
endocardial cells increases from 36 hpf (A, A¢) to 51 hpf (B, B¢) (p<0.0001, Student’s T 
test). However, in the absence of cardiac function, as in sih mutants, endocardial cells 
fail to accrue in the OFT between 36 hpf (C, C¢) and 51 hpf (D, D¢). (E, E¢, F, F¢) haf 
(vmhc) mutants that lack ventricular function present with similar endocardial defects by 
51 hpf, confirming that the phenotype is associated with functional defects and not 
particularly Tnnt2. (G, G¢, H, H¢) wea (amhc) mutants, which have non-contractile atria, 
and consequently reduced blood flow into the OFT, also exhibit a reduction in OFT 
endocardial cell number by 51 hpf. (I, I¢, J, J¢) However, gata1 morphants that have 
fewer erythrocytes and therefore reduced shear forces, have a normal number of OFT 
endocardial cells. These differences are depicted in (K) and (L). n = 15, 8, 6, 6, 7 
embryos for 36 hpf, 24, 6, 10, 13, 8 embryos for 51 hpf; N=2; asterisks represent 
significant differences from wild-type at similar stages, p<0.05, Student’s T test. White 
dots indicate GFP+ nuclei. Bars represent mean and SEM.  
Scale bar: 5 μm 

W
T 

W
T 

0

10

20

30

E
nd

o 
ce

ll 
nu

m
be

r

* *
*

36 hpf 51 hpf

sih ha
f
wea sih ha

f
wea

ga
ta1

 M
O

ga
ta1

 M
O

W
T

W
T

0

5

10

15

E
nd

o 
ce

ll 
nu

m
be

r/
m

ed
ia

l s
ec

tio
n

sih ha
f
wea sih ha

f
wea

ga
ta1

 M
O

ga
ta1

 M
O

* * *

36 hpf 51 hpf

A B A'

B'

C D C'

D'

E F E'

F'

G H G'

H'

I J I'

J'

K

L

36 hpf 51 hpf

haf

wea

gata1 MO

WT

sih

36 hpf

51 hpf

36 hpf

51 hpf

36 hpf

51 hpf

36 hpf

51 hpf

36 hpf

51 hpf

36 hpf 51 hpf

36 hpf 51 hpf

36 hpf 51 hpf

36 hpf 51 hpf



	 86 

 

 

Figure 2-8: Function influences myocardial arrangement in the OFT. Three-
dimensional reconstructions of Tg(myl7:h2a-mCherry) embryos at 36 hpf (A, C) and 51 
hpf (B, D) show that at both stages, the total number of myocardial cells is similar 
between wild-type embryos (A-B) and sih embryos (C-D). However, whereas the 
number of cells in a medial section is comparable between wild-type (A¢) and sih (C¢) at 
36 hpf, it is significantly reduced in sih by 51 hpf (D¢) compared to wild-type (B¢). These 
trends, which are quantified in (E) and (F), suggest that cardiomyocyte arrangement in 
the OFT is dependent on cardiac function. n= 6,8 embryos for 36 hpf; 5,8 embryos for 
51 hpf; N=2; asterisks indicate significant difference from wild-type at similar stage; 
p<0.05, Student’s T test. White dots represent cell counts. Bars depict mean and SEM.  
Scale bar: 5 μm 
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Figure 2-9: Function influences OFT endocardial cell size and shape. Lateral slices 
of Tg(kdrl:mcherry-ras) (green) marked with an antibody against Dm-grasp (red). OC 
and IC cells are grouped together due to technical challenges associated with isolating 
the walls within the collapsed endocardium in sih. At 36 hpf, endocardial cells are 
similar in area (C) and circularity (F) in wild-type (A) and sih mutants (C). However, by 
51 hpf, whereas OFT endocardial cells become smaller (C) (p<0.05, Mann-Whitney 
test) and rounder (F) (p<0.005, Mann Whitney test) in wild-type (D), they remain large 
and long in sih (E) (n= 9, 8, 9, 5 embryos; 38, 51, 87, 30 cells; N= 3; asterisks indicate 
significant difference from wild-type at similar stage, p<0.05, Mann Whitney test). Red 
bars depict median and interquartile ranges. 
Scale bar: 5 μm 
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Figure 2-10: OFT endocardial proliferation depends upon functional inputs. 
Representative lateral slices of 51 hpf embryos labeled with Tg(fli1a:negfp) (green), 
anti-Dm-grasp (gray) and EdU (red). When wild-type (A-C), sih mutants (D-F), haf 
mutants (G-I) and wea mutants (J-L) are injected with EdU at 36 hpf, EdU 
incorporation is drastically reduced in sih (proliferation index = 10.2 ± 4.3 %) and haf 
(proliferation index = 15.6 ± 4.9 %) but not in wea (proliferation index = 27.8 ± 6.3 %) 
compared to wild-type (proliferation index = 29.6 ± 3.7 %) by 51 hpf (n=17, 10, 13, 7 
embryos; N=2; asterisks signify significant difference in proliferation indices 
compared to wild-type, p<0.05, Student’s T test). Black and white bars represent 
mean EdU+ and EdU- cells with SEM, respectively.  
Scale bar: 5 μm 

A B C

WT

sih

haf

wea

W
T

0

10

20

30

E
nd

o 
ce

ll 
nu

m
be

r

Mean ± SEM of column A
Mean ± SEM of column B

29.65 ± 3.684 N=17
10.19 ± 4.332 N=10

29.65 ± 3.684 N=17
15.57 ± 4.863 N=13

sih ha
f

**

we
a

M

   EdUfli1a:negfp merge

D E F   EdUfli1a:negfp merge

G H I   EdUfli1a:negfp merge

J K L   EdUfli1a:negfp merge



	

89	
	

 
Figure 2-11: BrdU assay confirms that functional mutants have reduced OFT 
endocardial proliferation. (A-B) Three-dimensional reconstructions of 
Tg(fli1a:negfp) embryos (green) show that when wild-type embryos are incubated 
with BrdU (red) from 36 hpf to 51 hpf, the OFT endocardium contains BrdU+ cells at 
51 hpf, resulting in a proliferation index of 28.5 ± 2.2 %. However, when sih  (C-D) 
and haf (E-F) mutants are exposed to BrdU in a similar timeframe, fewer BrdU+ cells 
are present in the OFT by 51 hpf (proliferation index of sih = 8.2 ± 3.8 %; haf = 13.8 ± 
2.7 %). (G-H) wea mutants have a proliferation index that is comparable to wild-type 
(proliferation index = 29.1 ± 4.4 %), as quantified in (I) (n= 21, 12, 12, 12; N=2; 
asterisks mark significant difference in PI from wild-type; p<0.001, Student’s T test). 
Bars depict mean and SEM of BrdU+ cells (black) and BrdU- cells (white). 
Scale bar: 5 μm 

C

E F

G

D

H

W
T

0

10

20

30

E
nd

o 
ce

ll 
nu

m
be

r BrdU+ cells
BrdU- cells

* *

sih ha
f

we
a

I

wea

WT

sih

haf

WT

A BBrdU merge

BrdU merge

BrdU merge

BrdU merge



	

90	
	

 
Figure 2-12: Cardiac function promotes endothelial addition from the aortic 
arches. Lateral views of three-dimensional reconstructions depict the AA1 
photoconverted at 36 hpf in wild-type (A-C), sih (G-I) or wea morphants (M-O) 
expressing Tg(kdrl:dendra). (D-F) By 51 hpf, photoconverted cells are routinely found 
in the distal, medial and proximal regions of the wild-type OFT (n= 5 embryos; N=2). 
In contrast, in sih mutants (J-L) and wea morphants (P-R), photoconverted cells are 
less often present in the distal OFT and entirely absent from medial and distal 
regions by 51 hpf. These differences are represented graphically in S-U. n=6 
embryos for sih, 5 embryos for wea MO; N=2. Arrowheads and arrows point to 
unphotoconverted and photoconverted cells, respectively. Dotted lines mark AA1 and 
solid lines mark OFT. 
Scale bar: 20 μm 
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Figure 2-13: sih morphants recapitulate defects in OFT endothelial addition 
observed in sih mutants. In wild-type controls expressing the transgene 
Tg(kdrl:dendra), photoconversion of the AA1 at 36 hpf (A-C) leads to photoconverted 
cells being present in the OFT by 51 hpf (D-F). This is not the case in sih morphants, 
where photoconverted cells are not present in the OFT at 51 hpf (J-L) when the AA1 
is photoconverted at 36 hpf (G-I). Arrowheads and arrows indicate unphotoconverted 
and photoconverted cells, respectively. Solid line and dotted line mark OFT and AA1, 
respectively. n= 5, 5 embryos; N=2. 
Scale bar: 20 μm 
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Figure 2-14: Alk1 is required for endocardial accumulation but not proliferation 
in the OFT. Representative lateral slices of Tg(fli1a:negfp) (green) embryos 
immunostained with an antibody against Dm-grasp (red in A-B, D-E; gray in G-L) 
illustrate that at 36 hpf, wild-type controls (A) and alk1 morphants (D) have similar 
number of endocardial cells in the OFT (n= 5,8; N=2). However, by 51 hpf, alk1 
morphants (E) have strikingly fewer OFT endocardial cells compared to wild-type (B), 
as quantified in (C) (n=14, 16; N=2; asterisks mark significant difference from 
controls, p<0.0001, Student’s T test). This reduction is not a consequence of 
defective proliferation, as the number of EdU+ cells (red) in the alk1 morphant OFT 
(J-L) is similar to wild-type (G-I), resulting in a proliferation index (PI) of 29.1 ± 2.7 %, 
which is significantly higher than that of wild-type (PI = 21.5 ± 1.9 %), as seen in (F) 
(n= 8, 7 embryos; N=2; asterisk represents significant difference in PI from control, 
p<0.05, Student’s T test. Bars in (C) represent mean endocardial cell number and 
SEM; bars in (F) represent mean and SEM of EdU+ (black) and EdU- cells (Zhou et 
al.), respectively.  
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Figure 2-15: Mechanically induced transcription factor Klf2 partially regulates 
OFT endocardial accumulation. Representative lateral slices of Tg(fli1a:negfp) 
embryos labeled with anti-Dm-grasp (red) and the nuclear marker DAPI, where DAPI 
is masked using GFP fluorescence (green) show that at 51 hpf, whereas the wild-
type embryo has ~20 endocardial cells in the OFT, klf2 mutants can exhibit normal 
number of cells (B) or fewer cells (C). klf2 mutants with fewer OFT endocardial cells 
demonstrate thinned and elongated OFTs, as in (C). However, since the phenotype 
is incompletely penetrant, the difference in total number of OFT endocardial cells is 
not significant, as seen in (D). n= 18, 11 embryos; N=3. Graphs display mean and 
SEM. 
Scale bar: 5 μm 
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Figure 2-16: alk1 mutants phenocopy alk1 morphants with respect to the OFT 
phenotype. Representative slices of Tg(kdrl:GFP) embryos marked with phalloidin 
(red) and the nuclear marker TO-PRO-3, where TO-PRO-3 is masked using green 
fluorescence (green) show that, similar to alk1 morphants, alk1 mutants have a 
significant reduction in OFT endocardial cells, as quantified in (C). n=4, 4 embryos; 
N=1; p<0.01, Student’s T test. Graphs show mean and SEM. 
Scale bar: 5 μm 
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Figure 2-17: alk1 morphants have reduced heart rate by 51 hpf. Heart rate was 
calculated by counting beats for 30 seconds under a stereoscope. At 36 hpf, the 
heart rate is comparable between wild-type and alk1 morphants. However, by 51 hpf, 
alk1 morphants have a small but significant reduction in heart rate (n= 4, 4, 11, 11 
embryos; N=3; asterisks depict significant difference from wild-type at similar stage, 
p<0.0001, Student’s T test). Mean and SEM are shown.  
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Figure 2-18: Alk1 is necessary for endothelial addition for OFT growth. In wild-
type embryos, when the AA1 is photoconverted at 36 hpf (A-C), photoconverted cells 
are present in the distal, medial and proximal OFT by 51 hpf (D-F) (n= 3; N=2). 
However, in alk1 morphants, AA1 cells photoconverted at 36 hpf (G-I) fail to accrete 
to the OFT by 51 hpf (J-L) (n=5; N=2). These differences are represented in (M) and 
(N). Arrowheads and arrows point to unphotoconverted and photoconverted cells, 
respectively. Dotted lines mark AA1 and solid lines mark OFT. 
Scale bar: 20 μm 
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CHAPTER 3 
 

Future directions towards understanding functional influences on outflow tract 

morphogenesis 

 
Abstract 
 
 In this dissertation, we have revealed key cellular behaviors underlying early 

steps of OFT morphogenesis. Furthermore, we have identified essential roles for 

cardiac function in choreographing these cellular dynamics. Finally, we have 

demonstrated that Alk1 is an important player in OFT development. Although our 

work provides a coherent picture of certain aspects of OFT development, many 

questions remain unanswered. For example, do endocardial proliferation and 

addition independently regulate OFT shape? What are the precise mechanisms by 

which Alk1 regulates endocardial displacement in the OFT? This chapter will discuss 

future directions towards tackling such questions. 

 

Do proliferation and addition independently regulate OFT shape? 

While our studies suggest that proliferation and addition collaboratively shape 

the OFT endocardium, it remains unknown if these two cellular behaviors are 

independent or molecularly coupled. To address this question, we could begin by 

comparing the location of proliferating cells to the location of those being added from 

the endothelium: are these cells frequently colocalizing within the OFT endocardium, 

or do they appear as distinct clusters? Our studies suggest that endothelial cells 

emanating from the aortic arches are routinely found in the distal OFT (Fig. 2-3). 
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While we did not observe an obvious pattern of localization for EdU+ cells, 

preliminary data suggest that BrdU+ cells are frequently detected in the proximal 

endocardium of the wild-type OFT (Fig. 3-1). Moreover, in alk1 morphants, where 

endothelial addition is absent, the number of EdU+ cells appears unaltered (Fig. 2-

14, Fig. 2-18). These findings strongly imply that cells immigrating from the aortic 

arches are not dividing as they add to the OFT, and that proliferation is not 

dependent on addition. In fact, a closer examination of OFT endocardial cell numbers 

in wild-type suggests that more cells come in from the aortic arches than are added 

as a result of proliferation. In wild-type, a proliferation index of ~25% suggests that 

~2-3 cells are added to the OFT endocardium due to proliferation. Therefore, the 

remaining ~10-15 cells might be annexing from the bilateral aortic arches. 

Interestingly, sih mutants, which have defects in both proliferation and addition have 

~10 cells, while wea and alk1 morphants, which lack addition specifically, have ~13 

endocardial cells in the OFT. Comparing these conditions to wild-type, which have 

~25 cells, again suggests that proliferation contributes ~2-3 cells while addition 

contributes ~10-15 cells.  

Altogether, our current observations favor a model in which proliferation in the 

OFT endocardium determines the proximal diameter of the OFT, whereas cells from 

the aortic arches add to this emerging framework to facilitate distal expansion. 

Alternatively, endocardial cells from the ventricle, OFT and aortic arches could be 

undergoing significant rearrangement between 36 hpf and 51 hpf. To clarify this 

further, future studies could employ long-term live imaging of the OFT endocardium 

to visualize early OFT morphogenesis at high cellular resolution. Conclusively 
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addressing this model would require development of optogenetic tools to block 

proliferation specifically within the proximal endocardium, which would allow us to 

test whether proliferation could impact addition. 

 

What are the physical and cellular mechanisms balancing overall OFT 

dimensions? 

As discussed in previous chapters, the OFT is situated in a complex 

mechanical milieu: in addition to contractility and fluid forces associated with cardiac 

function, the OFT might also experience epithelial tension due to SHF deployment 

(Francou et al., 2017). In summary, the many forces the OFT is exposed to between 

36 hpf and 51 hpf presumably include stretch in a direction perpendicular to blood 

flow, due to myocardial contractility and blood pressure; shear specifically in 

endocardial cells, in a direction parallel to flow due to the viscosity of blood; and 

tension in the direction parallel to flow due to the attachment of the arterial pole to the 

dorsal pericardial wall. Finally, the direction of blood flow can itself administer distinct 

mechanical cues to cells: reversing or retrograde flows, for instance, are thought to 

activate specific downstream pathways.  If the OFT is indeed constantly pulled and 

squeezed in various directions, how does it finally achieve a homeostatic 

morphology? 

Our findings in multiple mutant scenarios allow us to derive testable 

hypotheses towards addressing this question. First, our studies suggest that 

inhibiting atrial function to reduce blood flow into the ventricle, as in wea, leads to 

dampened addition from the aortic arches, while proliferation in the OFT 
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endocardium appears unaffected. This is in contrast to sih and haf mutants, where 

OFT contractility is itself impaired, and both addition and proliferation are reduced. 

These results imply that blood flow acts independently to stimulate endothelial 

addition, while contractility promotes endocardial proliferation. Alternatively, the 

milder defect in wea mutants could be inadequate to depress proliferative capacity of 

OFT endocardial cells. How might blood flow and contractility, which are inextricably 

linked in vivo, prompt seemingly disparate cellular mechanisms towards a common 

goal of constructing the OFT? Although we do not yet have the tools to alter flow 

parameters without affecting contractility in vivo, a combination of three-dimensional 

tissue engineering in controlled flow environments will enable us to begin answering 

this question ex vivo (Lane et al., 2012; Qasim et al., 2019).  

So, which fluid parameters might instigate endothelial addition in response to 

blood flow? Since gata1 morphants have normal OFT endocardial cell number, shear 

forces are unlikely to be relevant, especially considering that gata1 knockdown 

reduces blood viscosity by 90% (Vermot et al., 2009). Could stretch from blood 

pressure be influencing OFT shape? Given the atrial dysfunction in wea, it’s likely 

that stretch from blood pressure is reduced in the wea OFT. However, one would 

need to quantify stretch in the endocardium, and then disrupt it to rigorously evaluate 

its effects to confirm this hypothesis. For the former, it will be exciting for future 

studies to employ tools like tissue-specific, FRET-based tension sensors (Lagendijk 

et al., 2017) or tissue-embedded, force-sensitive oil microdroplets (Campas et al., 

2014) to elucidate the precise spatiotemporal dynamics of endocardial tension. Then, 
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tension in the endocardium could be disrupted by wounding endocardial cells to infer 

epithelial tension, as has been described previously (Francou et al., 2017).  

Finally, wea mutants are also known to have reduced retrograde flow at later 

stages (Vedula et al., 2017), so flow direction could also be a factor promoting 

endothelial addition to the OFT. Evaluating gata2 morphants, which have reduced 

retrograde flows, has been the method of choice to address this (Vermot et al., 

2009); however, gata2 morphants have reduced heart rates (Dietrich et al., 2014), so 

it is challenging to uncouple effects of retrograde flows from those related to cardiac 

function. Applications of single molecule spectroscopy could be adapted to test this 

model definitively: optical tweezing, for instance, could be used to manipulate 

erythrocyte velocity or direction in a confined region (Anton et al., 2013). Finally, 

although this is unrelated to fluid forces, it is important to consider blood as a carrier 

of vital molecules. In fact, previous studies have shown that the Alk1 ligands bmp10 

and bmp10-like are expressed in the heart and have suggested that they are brought 

to the site of alk1 in the aortic arches by blood flow (Laux et al., 2013). However, alk1 

expression is also dependent on function (Corti et al., 2011), adding a second layer 

of mechanical regulation of Alk1 signaling. Overall, our results suggest that stretch 

from blood pressure or flow direction could be relevant to OFT morphology. However, 

further work is required to test this in a specific and stringent manner. 

If stretch from contractility induces proliferation within the endocardium, future 

studies will need to address if proliferation is caused by stretch within the 

endocardium itself, or contractility within the myocardium relaying signals to the 

endocardium. Cyclic stretch indeed induces specific gene expression profiles in 
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cultured endothelial cells, in support of the former possibility (Sumpio et al., 1990). 

Alternatively, a crosstalk between the myocardial and endocardial layers, potentially 

mediated by the intermediary layer of extracellular matrix (ECM) or “cardiac jelly”, 

could be crucial for endocardial proliferation, as well as for coordinating endocardial 

growth with that of the myocardium. In support of this, the mechanoresponsive 

transcription factor Klf2, which is expressed in the endocardium, regulates fibronectin 

deposition in the ECM while also maintaining myocardial integrity (Rasouli et al., 

2018; Steed et al., 2016).  

If the ECM is an essential mediator of mechanical crosstalk could we 

potentially rescue OFT proliferation in sih by altering ECM deposition? To begin 

investigating this, one could inject the enzyme hyaluronidase into sih to degrade 

hyaluronic acid, an important “space-filling” component of the ECM (De Angelis et al., 

2017). Additionally, future studies could evaluate OFT endocardial cell number in 

zebrafish mutants that have too much ECM deposition, like tmem2 mutants (Totong 

et al., 2011), or too little ECM, like fbn2b mutants (Mellman et al., 2012). A significant 

drawback of these approaches, however, is that ECM mutants have many other 

cardiac defects that will be challenging to tease apart from the effects of ECM 

disruption itself. To circumvent this, another approach could involve a thorough 

investigation of myocardial-endocardial signaling pathways, especially within the 

context of functional mutants, and perturbing those directly. For example, Bmp 

ligands produced by the myocardium are thought to influence endocardial 

proliferation, albeit independently of function (Dietrich et al., 2014). Discovery of other 
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such pathways will undoubtedly advance our understanding of mechanically-driven 

intercommunication between the two layers. 

Since the endocardium and myocardium are closely apposed during OFT 

morphogenesis, epithelial tension between the DPW and the developing myocardium 

is yet another biomechanical cue that could influence overall OFT morphology. 

Another factor that potentially influences tension in this direction is the developmental 

straightening of the embryonic head, which could pull on the arterial pole of the heart. 

Curiously, in sih, the endocardium appears stretched in the proximal-distal direction 

at 51 hpf, which would suggest that in the absence of sufficient number of cells to 

support OFT broadening, tension in the proximal-distal direction overwhelms OFT 

structure. To evaluate mechanical anisotropy in this direction, wound assays can be 

utilized in the OFT endocardium, as has been done previously in mice (Francou et 

al., 2017). 

 

How does Alk1 regulate endothelial displacement into the OFT? 

In our studies, we employed photoconversion labeling techniques to 

demonstrate that cells within the aortic arches at 36 hpf enter the OFT by 51 hpf. 

However, since our experiments are essentially end-point analyses, they do not 

divulge the precise cellular basis for this displacement. Are cells from the aortic 

arches actively migrating into the OFT endocardium between 36 hpf and 51 hpf, or 

are they passively rearranging between the endothelium and OFT endocardium? In 

support of the former model, prior studies in zebrafish have suggested that cells from 

distal sections of the arterial vasculature, such as the aortic arches or internal carotid 
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artery, actively migrate against blood flow into the heart (Rochon et al., 2016). 

However, rigorous testing of this model awaits high-resolution live imaging of OFT 

endocardial development. 

Another possibility for endothelial addition to the OFT is passive 

rearrangement of endothelial cells between the endothelium and endocardium. Such 

rearrangement could be driven by modifications in cell-cell contacts, where 

endocardial cells are being displaced by endothelial cells. Alternatively, this could be 

a consequence of tissue-level restructuring of the endothelium-endocardium 

boundary, where endothelial cells in the aortic arches zipper together to construct the 

distal portion of the OFT endocardium. Coupling live imaging with an approach where 

endothelial cells are distinctly labeled, such as multicolor labeling with Brainbow (Pan 

et al., 2011), could be useful to assess whether such a rearrangement, if it exists, is 

on a cellular or tissue level.  

Since endothelial cells displace OFT endocardial cells, and endocardial cells 

are in fact specialized endothelial cells, does the OFT endocardium consist of two 

molecularly distinct populations of cells by 51 hpf? However, single-cell RNA 

sequencing of endocardial cells is required to address this conclusively. I hypothesize 

that in the scRNA-seq analysis of the endocardium, we will be able to pull out two 

clusters that highly expresses klf2a in wild-type embryos by 51 hpf, which likely 

represent OFT endocardial cells and AVC endocardial cells. Resolving the OFT 

cluster even further might yield insights into the existence and molecular 

characteristics of endothelial and endocardial populations within the OFT. 
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What are the ligands activating Alk1 signaling to regulate endocardial 

displacement? In many contexts, Bmp9 and Bmp10 have been determined as 

ligands for Alk1 (Li et al., 2016). Prior studies suggest that the heart is a source of 

Bmp10 and Bmp10-like for Alk1 activation in zebrafish (Laux et al., 2013). 

Accordingly, bmp10 mutants phenocopy alk1 mutants in that they have dilated cranial 

vessels and reduced endothelial migration (Laux et al., 2013). Moreover, simply 

overexpressing alk1 is not sufficient to rescue endothelial migration against blood 

flow in sih, but injecting Bmp10 in this context does rescue endothelial cell number in 

the internal carotid artery. These experiments support a model where blood carries 

Bmp10 to the source of Alk1. It remains unclear, however, if this mechanism also 

facilitates OFT growth. As a first step towards addressing this, it is essential to 

evaluate OFT endocardial cell number and endothelial addition in mutants for bmp10 

and bmp10-like. However, it remains unclear how such a mechanism would promote 

directed migration against blood flow. Perhaps endothelial cells are able to sense a 

gradient of Bmp expression emanating from the heart, or perhaps other mechanisms 

exist to ensure unidirectional migration. Ectopically expressing Bmp10 at distal 

locations in an attempt to force migration in the opposite direction i.e. parallel to blood 

flow, might shed light on the existence of supplemental pathways for navigating cells.   

 
What are the molecular mechanisms governing OFT endocardial proliferation 

in response to function? 

 In our studies, we identified Alk1 as an important mediator of function-driven 

OFT expansion. However, we were unable to characterize a pathway governing 
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proliferation in response to functional influences. In an attempt to identify such 

pathways, we performed preliminary evaluations of many known 

mechanotransducive entities. For example, we quantified OFT endocardial cell 

number in embryos lacking the calcium mechanosensitive channel Trpv4, which is 

thought to play a role in zebrafish AVC development (Heckel et al., 2015). However, 

these mutants displayed no obvious phenotype in the OFT endocardium (Fig. 3-2). 

We did observe a fascinating phenotype when we exposed embryos to Yoda1, an 

antagonist for a recently discovered calcium mechanosensitive channel Piezo1 

(Syeda et al., 2015), from 24 hpf to 51 hpf: these embryos had a wider OFT 

(measured at the proximal edge of the OFT endocardium) (Fig. 3-3), and some of the 

embryos in the treated cohort displayed a significant increase in endocardial cell 

number (data not shown). In one experiment, Yoda1-treated embryos were also 

determined to have upregulated Notch activity in the heart, visualized using the report 

Tg(tp1:GFP) (data not shown). However, we were unable to reproduce these results 

in a rigorous manner. Moreover, from preliminary examinations of piezo1 mutants 

(Shmukler et al., 2015), we did not spot an obvious heart phenotype (data not 

shown). Therefore, although Piezo1 might be important for endocardial accumulation 

in the OFT, our results from preliminary studies remain inconclusive. 

 The Klf2 factors, which are highly expressed in the OFT endocardium, remain 

interesting candidates for a mechanotransducive pathway regulating OFT 

endocardial proliferation. Although our work suggests that klf2a and klf2b are not 

playing a major role in reinforcing OFT endocardial cell number, the necessity of the 

Klf pathway in this process warrants further investigation. mRNA levels of klf2b and 
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the related factor klf4 (Clark et al., 2011; Goddard et al., 2017; Zhou et al., 2015) are 

increased in klf2a mutants (Rasouli et al., 2018), which suggests that the various Klf 

factors can compensate for each other. Therefore, as a first step, it is important for 

future studies to evaluate the contribution of the Klf homolog klf4 in addition to klf2a 

and klf2b in OFT endocardial accumulation and proliferation. 

 Finally, it might be informative to employ RNA-sequencing approaches to 

determine if there are any differences at the transcriptomic level in the endocardium 

of wild-type, sih, haf and wea. Since isolating cells for RNA-sequencing potentially 

mechanically perturbs them, it might be useful to get a transcriptomic “snapshot” of 

cells prior to isolation. For this purpose, RNA-sequencing could be performed in 

flash-frozen tissue collected using laser-capture microdissection techniques. 

Alternatively, RNAs could be tagged in vivo with thiouracil, as has been described 

previously (Erickson & Nicolson, 2015), so RNAs synthesized during isolation do not 

interfere with the analysis. Although such an approach might not allow us to identify 

mechanonsensitive channels, whose activity and not expression is regulated by 

forces, it might aid characterization of downstream effectors for a “bottom up” 

approach. 

 

Do morphological demarcations of the OFT correspond with molecular 

distinctions between the ventricle and OFT?  

 One considerable challenge for our studies was the dearth of molecular 

markers specific to the OFT. Previous studies employed a combination of myocardial 

GFP and dsRed reporters to pinpoint SHF-derived cells: since dsRed takes 24 hours 
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to mature, unlike GFP that has fast maturation dynamics, late-differentiating SHF-

derived myocardial cells are specifically GFP+/dsRed- at 48 hpf (de Pater et al., 

2009). Similarly, transgenes like Draculin, and Cre-labeling approaches to mark the 

Ltbp3 lineage are alternative approaches to mark SHF-derived myocardial cells 

(Mosimann et al., 2015; Zhou et al., 2011). Since SHF-derived cells also append to 

the distal ventricle, however, they do not mark the OFT specifically, and hence were 

not particularly useful for our analyses. Interestingly, recent studies reported that an 

antibody against Isl1/2 marks the OFT and inner curvature of the ventricular IC 

(Witzel et al., 2017). Although our preliminary studies confirmed this expression 

pattern, Isl1/2 levels appear reduced in sih mutants (data not shown). Given that our 

studies required OFT demarcation in sih as well, we could not employ Isl1/2 as 

reproducible markers for the OFT. Due to similar reasons, we were also unable to 

employ OFT endocardial markers like klf2a, notch1b and wnt9b, and myocardial 

markers like nppa.  

 Since we lacked an OFT marker, it remains possible that, in mutants like sih, 

the morphological constriction between the ventricle and OFT is shifted, thereby 

influencing our assessment of endocardial cell number. In this regard, it is important 

to note that our preliminary data suggest that the SHF progenitor pool is not affected 

in sih (Fig. 3-4). Moreover, previous studies have shown that SHF differentiation is 

also normal in sih (de Pater et al., 2009). Given these observations, it is reassuring 

that, per our definition of the OFT, myocardial cell number in the sih OFT seems 

normal. Ultimately, though, it will be crucial to confirm our analysis using an alternate 

marker for the OFT.  
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To pursue discovery of novel markers for the OFT, we reanalyzed the 

microarray dataset we had previously generated, comparing wild-type embryos to 

embryos treated with the Fgf inhibitor SU5402 between 24 hpf and 48 hpf (Zeng & 

Yelon, 2014); since this treatment results in the downregulation of SHF progenitor 

markers, followed by a diminished ventricle and absent OFT, we speculated that 

potential OFT markers would be reduced in the SU5402-treated cohort. Although we 

were able to formulate a list of possible markers, we were limited by the paucity of 

commercially available antibodies to visualize their expression patterns. However, 

this remains a credible approach towards identifying OFT-specific markers. 

Additionally, our lab has recently generated single-cell RNA-sequencing datasets of 

myocardial cells in collaboration with the Yost lab. At higher resolution in the t-SNE 

plots, there is a cluster of myocardial cells that could be representative of the OFT 

(data not shown). Perhaps deeper analysis of this cluster will reveal novel markers 

for the OFT, whose expression patterns could be tested using in situ hybridization 

and immunostaining. Until then, our rigorous approach for demarcating the OFT 

morphologically can be employed to mark the OFT in a consistent fashion. 

 
What is the broader significance of our studies? 

 Our studies have important ramifications for the field of developmental biology, 

as well broader consequences for influencing our understanding of congenital heart 

diseases and hereditary hemorrhagic telangiectasia type 2 (HHT2). Within the realm 

of developmental biology, our work has progressed our knowledge of the multiple 

cellular and molecular mechanisms by which forces inform form. Our studies suggest 
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that multiple forces, engendered by linked processes of blood flow and contractility, 

can essentially choreograph independent molecular pathways to build a composite 

organ. This isn’t entirely new information: we have long known that cells in a 

developing organism integrate diverse physical and molecular mechanisms to 

construct a tissue. However, by leveraging the precisely quantifiable dimensions and 

junctional location of the OFT, we have been able to garner an “organ-level” 

understanding of how this happens. Further, our work inserts a key element of OFT 

development: we now understand the mechanical and cellular means by which the 

OFT attains its stereotypical morphology, which is a crucial step towards ensuring 

proper valve development, and, in higher vertebrates, OFT remodeling and 

septation. We find that cardiac function actively participates in building a broad OFT; 

in this way, function appears to “feed back” into the cardiovascular system, to 

continuously adjust lumen dimensions in order to maintain systemic blood pressure.  

 Synthesizing our data with preceding studies promises to open additional 

avenues to grasp the etiology of, and design therapeutic strategies for, congenital 

heart defects (CHD), a third of which include OFT abnormalities. For example, prior 

work has shown that defects in early OFT morphogenesis may lead to complications 

in OFT remodeling and septation, which often occur in patients with CHDs (El Robrini 

et al., 2016; Neeb et al., 2013; Yelbuz et al., 2002). Given that many cardiac 

anomalies induce secondary errors in function, recognizing functional influences on 

early heart development is a key step towards circumventing subsequent issues. 

Further, our discovery of a fundamental role for the HHT2-causative gene Alk1 

(Letteboer et al., 2006) in OFT development suggests an additional type of cardiac 
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defect that could occur in HHT2 patients. Our findings are especially intriguing in light 

of prior studies showing that murine embryos lacking bmp9 or bmp10, known ligands 

for Alk1, exhibit defects in cardiomyocyte proliferation and apoptosis, and 

consequently cardiac growth and maturation (Chen et al., 2013; Chen et al., 2004; 

Huang et al., 2012). Moreover, instances of cardiac failure are heightened in alk1 

knockout mice (Morine et al., 2017a; Morine et al., 2017b), as well as human patients 

of HHT2 (Cho et al., 2012; Goussous et al., 2009). Our results provide a renewed 

outlook on the pathogenesis of such cardiac abnormalities in HHT2 patients. Finally, 

our findings also have major repercussions for cardiac tissue engineering 

approaches. Fabricating functional hearts has traditionally required a protein scaffold 

(Ott et al., 2008); our studies highlight the usefulness of considering the endocardium 

as an additional yet crucial scaffold for myocardial assembly. Altogether, our studies 

bear multifaceted biomedical consequences, in addition to significantly advancing our 

understanding of the many ways in which “form follows function”. 
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 Figure 3-1: BrdU+ cells are frequently located in the proximal OFT. A preliminary 
assessment was performed by orienting the OFT in a consistent manner and dividing 
it in a 3 x 3 grid, where each row represents proximal, medial and distal cells, 
respectively. BrdU+ cells (black) were frequently found in the proximal region, and 
gradually diminished towards the distal region. Fractions represent BrdU+ cells/ 
BrdU- cells in a total of 14 embryos. 
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Figure 3-2: trpv4 mutants do not have an obvious OFT phenotype. Comparing 
wild-type (A) embryos to trpv4 mutants (B) marked with Tg(fli1a:negfp) (green) and 
an antibody against Dm-grasp (red) does not reveal and obvious OFT defect at 51 
hpf. n= 11, 5. N=1.  
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Figure 3-3: Treatment with a pharmacological activator of Piezo1 influences the 
OFT endocardium (A,B) Tg(kdrl:ras-mCherry) embryos, where mCherry labels the 
endocardial cell membranes, are immunostained with anti-DmGrasp to mark the 
myocardium (green) and anti-dsRed to label the endocardium (red). The OFT 
endocardial width of an untreated control is ~15 um (A), as quantified in (C) (n=6). 
Treatment with Yoda1 causes a significant increase in endocardial width (B), as 
quantified in (C) (n=6, p=0.0077). OFT width was measured at the proximal end od 
the OFT as endocardium, as determined by the morphological constriction between 
the ventricle and the OFT. Analyses performed using Student’s T test. 
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Figure 3-4: The SHF progenitor pool is unaltered in sih. Wild-type (A) and sih 
mutant (B) heart tubes labeled with the myocardial marker MF20 (red) and the SHF 
progenitor marker ltbp3 (green) at 30 hpf. Fluorescence intensity of the green signal 
at the arterial pole of the heart is not qualitatively different between wild-type and sih, 
suggesting that the SHF progenitor pool is not disrupted by lack of cardiac function. 
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Abstract 

 

Heart formation involves a complex series of tissue rearrangements, during 

which regions of the developing organ expand, bend, converge, and protrude in order 

to create the specific shapes of important cardiac components. Much of this 

morphogenesis takes place while cardiac function is underway, with blood flowing 

through the rapidly contracting chambers. Fluid forces are therefore likely to influence 

the regulation of cardiac morphogenesis, but it is not yet clear how these 

biomechanical cues direct specific cellular behaviors. In recent years, the optical 

accessibility and genetic amenability of zebrafish embryos have facilitated unique 

opportunities to integrate the analysis of flow parameters with the molecular and 

cellular dynamics underlying cardiogenesis. Consequently, we are making progress 

toward a comprehensive view of the biomechanical regulation of cardiac chamber 

emergence, atrioventricular canal differentiation, and ventricular trabeculation. In this 

review, we highlight a series of studies in zebrafish that have provided new insight 

into how cardiac function can shape cardiac morphology, with a particular focus on 

how hemodynamics can impact cardiac cell behavior. Over the long term, this 

knowledge will undoubtedly guide our consideration of the potential causes of 

congenital heart disease.   
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1. Introduction 

Biomechanical forces are important regulators of embryonic morphogenesis. 

As early as gastrulation, circumferential contractions and flow-frictional mechanisms 

drive the spreading of the enveloping cell layer over the zebrafish yolk (Behrndt et al., 

2012). Compressing and stretching the apical surface of cells induces apoptosis and 

proliferation, respectively, to shape the overall structure of the Drosophila wing (Diaz 

de la Loza & Thompson, 2017). The periodic spacing of feather follicles in chick is 

governed by competing interactions between cellular contractility and substrate 

stiffness (Shyer et al., 2017). In many contexts, physical cues provoke specific 

cellular behaviors that ultimately give rise to tissue morphology.  

Forces are especially crucial during cardiac development, since blood flow and 

cardiac contractility produce distinct physical inputs while heart formation is underway 

(Freund et al., 2012; Haack & Abdelilah-Seyfried, 2016). It is particularly interesting to 

consider how flow-induced forces create spatiotemporally heterogeneous patterns 

that provide regionalized cues within the developing organ. Fluid frictional forces, for 

example, induce shear stress that deforms cells in the direction of blood flow. Blood 

pressure, on the other hand, causes cells to stretch circumferentially. Finally, the 

direction of blood flow can itself administer distinct mechanical cues to cells: 

reversing or retrograde flows, for instance, are thought to activate specific 

downstream pathways. Together, these fluid forces sculpt the heart, in a biological 

manifestation of “form follows function”.   
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How do fluid forces prompt cardiac cells to enlarge, elongate, divide, 

converge, and protrude as they create the specific architecture of the embryonic 

heart? Despite awareness of several mechanosensitive pathways that operate in 

endothelial cells (Baratchi et al., 2017), we do not yet fully understand the cellular 

and molecular mechanisms that drive cardiac morphogenesis in response to 

hemodynamic cues. To gain insights into these mechanisms, we need to be able to 

integrate in vivo assessment of fluid forces, high-resolution analysis of cell behaviors, 

and precise manipulation of mechanosensitive genes. The zebrafish embryo serves 

as an ideal model organism in this regard: its optical clarity allows real-time 

visualization of fluid dynamics as well as live imaging of morphogenesis at cellular 

resolution, and its genetic tractability permits both classical genetic screens and 

cutting-edge genome editing (Collins & Stainier, 2016; Li et al., 2016). Importantly, 

zebrafish offer the unique advantage that they can survive throughout 

embryogenesis without convective oxygen, allowing the analysis of cardiovascular 

defects without confounding lethality. Finally, although the zebrafish heart is 

anatomically simpler than the mammalian heart, the mechanosensory pathways 

operating during cardiac development appear to be highly conserved (Goddard et al., 

2017). Together, these benefits of zebrafish have facilitated a number of 

investigations into the ways in which function influences form in the developing heart.  

Here, we review a number of recent advances in our understanding of the 

impact of fluid forces on cardiac morphogenesis, with a particular focus on work 

performed in zebrafish. We first outline several commonly used techniques for 

quantification of flow parameters in the zebrafish vasculature and heart. We then 
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highlight a series of studies that have illuminated how biomechanical inputs regulate 

the characteristic curvatures of the cardiac chambers, the distinctive features of the 

atrioventricular canal, and the elaborate network of the ventricular trabeculae. 

Overall, these insights emphasize the important connections between the 

mechanical, cellular, and molecular pathways that collaborate to construct the 

embryonic heart. Importantly, these studies may provide guidance for understanding 

the etiology of cardiac birth defects in humans, since they imply that fluctuations in 

blood flow in utero could have significant consequences on cardiac morphogenesis. 

 
2. Examination of fluid forces in zebrafish 
 

2.1 Techniques for quantification of fluid forces in the vasculature 

To evaluate the influence of fluid forces on cardiac development, it is essential 

to be able to quantify these forces in vivo. Parameters such as shear stress and 

retrograde flow can then be correlated with patterns of cell behavior in order to create 

models for how mechanics instruct morphology. A number of techniques have been 

found to be useful for the assessment of fluid forces in the zebrafish heart, and 

several of these were first developed in the context of the zebrafish vasculature, 

where the size and simplicity of the major vessels facilitate live imaging of blood flow.   

Digital motion analysis was an initial approach employed to visualize blood 

flow in zebrafish vessels (Schwerte & Pelster, 2000). Using a simple dissecting 

microscope and a CCD camera for video imaging, “difference images” can be 

created to track the motion of erythrocytes in consecutive video frames. Analysis of 

these images allows assessment of erythrocyte distribution, erythrocyte velocity and 
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vessel diameter (Schwerte et al., 2003). Although easy to perform, a drawback of 

two-dimensional video microscopy is that slight variations in embryo orientation can 

significantly affect results; to some extent, this can be overcome by embedding 

larvae in tubular molds that are rotated to allow imaging from multiple angles 

(Bagatto & Burggren, 2006). Additionally, the use of high-speed cameras to follow 

erythrocytes expressing fluorescent reporter transgenes can substantially enhance 

the accuracy of cell tracking techniques (Fig. 1A-C) (Watkins et al., 2012). 

With the advent of particle image velocimetry (PIV), methods for evaluating 

flow parameters became even more rigorous. Unlike cell tracking techniques that 

follow only individual features, PIV averages velocity fields of sub-regions or 

“interrogation windows” within an image with a high signal-to-noise ratio (Yalcin et al., 

2017). This information can be translated into estimates of wall shear stress when 

coupled with local area measurements, which can be obtained by simultaneously 

imaging vessel wall motion (Chen et al., 2011). PIV can be performed with both 

bright-field and fluorescent images, although confocal imaging of fluorescent dyes or 

transgene-expressing erythrocytes greatly facilitates subsequent image 

segmentation.  

While PIV measurements can be used to estimate the distribution of physical 

forces, methods such as optical tweezing can directly measure the forces 

experienced by erythrocytes in vivo (Anton et al., 2013). In this technique, forces 

administered by a focused laser beam are used to hold an erythrocyte in position, 

such that the amount of force necessary allows assessment of the cell's mechanical 

milieu. Optical tweezing can be especially useful at branch points in the vasculature, 
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where sudden changes in the direction of erythrocyte movement can be difficult to 

track.  

Additional techniques have been utilized to image blood flow in the zebrafish 

vasculature, including fluorescence correlation microscopy (Pan et al., 2007) and 

optical coherent tomography (Iftimia et al., 2008). Fluorescence correlation 

microscopy utilizes the inherent autofluorescence of erythrocytes and blood vessels 

to determine erythrocyte velocity, sidestepping the need to introduce fluorescent 

tracers. Similarly, optical coherent tomography measures backscattered and back-

reflected light to image fluid flow in real time. Although these techniques are 

beneficial, they require specialized instruments that may not be readily accessible at 

all research institutions. Consequently, video imaging and confocal imaging, followed 

by cell tracking or PIV, remain the prevalent methods for assessing flow parameters 

in zebrafish vessels. 

 

2.2 Techniques for analysis of flow parameters in the heart 

The embryonic zebrafish heart is a morphologically elaborate structure that 

functions to propel blood from the atrium into the ventricle before finally supplying 

circulation to the aortic vessels. Owing to its particular architecture, imaging blood 

flow in the heart presents unique technical challenges distinct from those 

encountered in the vasculature. For example, the dimensions of the cardiac 

chambers provide many opportunities for erythrocytes to move in and out of the 

plane of focus. The motion of the chambers creates further complexity, since the 

chamber wall has to be properly segmented during image analysis. Moreover, the 
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structure of the heart, coupled with the sequential contraction of the chambers, 

produces complex flow patterns featuring vortical and reversing flows. Nevertheless, 

techniques developed for the zebrafish vasculature have been successfully adapted 

for use in the embryonic heart.  

As in the vasculature, PIV has been the method of choice to quantify wall 

shear stress and other flow parameters during cardiac development. Early 

applications of this technique used a fluorescent contrast agent to visualize serum 

motion and demonstrated vortical patterns of flow within the heart (Hove et al., 2003). 

Although still used widely, PIV has certain drawbacks when applied in the heart. For 

example, when utilizing video imaging to collect data for PIV analysis, three-

dimensional information has to be projected in two dimensions, which results in 

underestimation of the distance traveled by erythrocytes (Hove et al., 2003). 

Techniques such as defocusing digital particle image velocimetry, which employ 

microscopes with two or more apertures to detect out-of-focus particles, can enable 

more precise tracking of intracardiac flows (Lu et al., 2008). More recently, the depth 

sectioning capabilities of light sheet microscopy have also been exploited for PIV 

analysis (Zickus & Taylor, 2018). Another complication associated with PIV 

measurements in the heart is the interference of cardiac wall motion with erythrocyte 

tracking, especially in bright-field images. To overcome this, a local signal-to-noise 

ratio can be used to achieve “cardiac-phase filtering”, which effectively removes 

artifacts from cardiac wall motion post-image acquisition (Jamison et al., 2013). Since 

this method identifies the position of the cardiac wall, it enables assessment of wall 

shear stress in addition to more accurate PIV calculations.  
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The development of faster imaging techniques has also been valuable for 

following the complex patterns of erythrocyte motion within the heart. Using a 

confocal laser slit scanning system, which executes line-wise illumination for faster 

imaging, significant retrograde flows were observed in the zebrafish heart, both 

during atrial contraction back into the sinus venosus, and during ventricular 

contraction back into the atrium (Liebling et al., 2006).  Subsequent analysis with 

high-speed bright-field video microscopy confirmed that the region between the 

ventricle and the atrium, the atrioventricular canal, experiences a heightened 

retrograde flow fraction, which is defined as the fraction of the cardiac cycle exhibiting 

flow reversal (Vermot et al., 2009). These studies have motivated an interest in 

retrograde flow as a critical signal for atrioventricular canal differentiation, which we 

will discuss further in a subsequent section. 

The emergence of additional strategies for image analysis, such as 

computational fluid dynamics (CFD), marks a new era for assessment of fluid forces 

in the zebrafish heart (Yalcin et al., 2017). In computational fluid dynamics, flow 

parameters are inferred from tracking both chamber wall motions and inlet velocities, 

which bypasses the requirement for high-resolution imaging as in PIV. Use of 

computational fluid dynamics in the zebrafish heart has allowed correlation of certain 

flow characteristics with specific morphogenetic processes (Lee et al., 2013). For 

example, mean peak shear stress increases significantly during chamber emergence 

and atrioventricular canal differentiation, suggesting an influence of shear forces on 

these steps of heart morphogenesis. 
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Altogether, several options are readily available for analysis of flow 

parameters in the zebrafish heart (Fig. 1D).  Using video, confocal, or light sheet 

imaging to track erythrocytes, serum, or chamber walls, investigators can use cell 

tracking, PIV, or computational fluid dynamics approaches to assess erythrocyte 

velocity, wall shear stress, and retrograde flow fraction. This variety of strategies 

opens the door to connecting fluid forces to the regulation of a number of specific 

processes during cardiac morphogenesis, as discussed in the following sections.   

 

3. Hemodynamics and cardiovascular morphogenesis 

 

3.1 Fluid forces regulate multiple aspects of vessel development 

When considering how fluid forces influence cardiac morphology, it is 

instructive to reflect upon our understanding of the influence of flow on vessel 

development. The impact of physical forces on endothelial cells in the vasculature is 

especially relevant to the potential roles of such forces on the endocardium, the 

specialized inner layer of endothelium that lines the muscular myocardial layer of the 

heart. Since the biomechanical regulation of vascular morphogenesis has been 

reviewed elsewhere (Baratchi et al., 2017; Boselli et al., 2015), this section will simply 

provide a few recent perspectives on how processes like lumen growth and vessel 

remodeling respond to fluid forces in zebrafish. 

Blood flow has been shown to regulate vessel diameter through its influence 

on several types of endothelial cell behaviors. For example, Endoglin, a TGF-β 

receptor, modulates endothelial cell shape in response to hemodynamic cues, 
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thereby restricting the diameters of the dorsal aorta and posterior cardinal vein 

(Sugden et al., 2017). In the caudal vein, shear forces lead to an increase in 

endothelial cell number via mechanosensation by Pkd2/Trpp2, a calcium channel 

present on endothelial cilia (Goetz et al., 2014). In the cranial vasculature, flow-

induced expression of the TGF-β receptor Alk1 regulates the migration of endothelial 

cells in the direction opposite to blood flow, thereby limiting vessel caliber (Corti et al., 

2011; Rochon et al., 2016). Finally, Yap1, a Hippo pathway effector, localizes to the 

nucleus in a flow-dependent manner in the dorsal longitudinal anastomotic vessel, 

where it regulates the maintenance of lumen size (Nakajima et al., 2017).  

Fluid forces are also critical for the morphogenetic processes that are involved 

in vessel remodeling. For instance, flow regulates the apical membrane invagination 

that is required for successful tube formation during vessel fusion (Herwig et al., 

2011). Blood flow is also important for the establishment of planar cell polarity in 

endothelial cells (Kwon et al., 2016), which could influence vessel regression, as has 

been predicted in mice (Franco et al., 2015). Indeed, vessel regression in the 

zebrafish eye (Kochhan et al., 2013) and midbrain (Chen et al., 2012) have been 

shown to occur in response to blood flow, potentially via flow-mediated cell 

rearrangement and migration.  

Together, these studies underscore the importance of fluid forces during 

multiple aspects of vascular morphogenesis and provide inspiration for the ways in 

which blood flow could influence cell shape, cell number, migration, and polarity 

during heart development.  In the following sections, we will examine the impact of 

cardiac function and fluid forces on cell behavior during three essential phases of 
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cardiac morphogenesis: chamber emergence, atrioventricular canal differentiation, 

and ventricular trabeculation.  

 

3.2 Chamber emergence requires hemodynamic inputs 

In the early embryo, the primitive heart is a simple, relatively linear cylinder 

positioned at the embryonic midline. As development proceeds, the heart tube 

enlarges and transforms into a morphologically distinct series of cardiac chambers, 

each expanding into its characteristic curvatures (Collins & Stainier, 2016). Since 

chamber emergence takes place while the heart is beating and the blood is flowing, 

biomechanical inputs generated by cardiac function have the potential to influence 

this process. Indeed, surgical obstruction of blood flow into the embryonic chick heart 

results in aberrant chamber morphology (Broekhuizen et al., 1999). Mouse mutants 

lacking atrial contractility due to a mutation in atrial myosin light chain 2a exhibit 

abnormal ventricular morphogenesis (Huang et al., 2003), further supporting a 

connection between blood flow and cardiac chamber development. Taking 

advantage of the opportunities for examining chamber emergence in the context of 

the zebrafish embryo, a number of studies have delved deeper into the cell behaviors 

that shape the chambers in response to biomechanical cues.  

In zebrafish, as the ventricle and atrium emerge from the linear heart tube, 

distinct convex and concave surfaces form the outer and inner curvatures of each 

chamber. These tissue shape changes are associated with regional patterns of cell 

shape change: in the ventricle, for example, outer curvature cardiomocytes enlarge 

and elongate during chamber emergence, while inner curvature cardiomyocytes 
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remain relatively small and round (Auman et al., 2007). Analysis of cardiomyocyte 

morphology in mutant embryos has suggested that cell shape change at the 

ventricular outer curvature depends upon inputs generated by cardiac function. In 

weak atrium (amhc) mutants, which lack atrial contractility and therefore have 

reduced blood flow into the ventricle, outer curvature cardiomyocytes are smaller and 

rounder than in the wild-type ventricle (Fig. 2A,B) (Auman et al., 2007); these cells 

also exhibit diminished myofibril maturation (Lin et al., 2012). In contrast, half-hearted 

(vmhc) mutants, which lack ventricular contractility, display excessively enlarged and 

elongated cells in the ventricular outer curvature (Fig. 2C,D) (Auman et al., 2007). 

These studies suggest that forces produced by both blood flow and contractility 

modulate cardiomyocyte shape and size and therefore contribute to the regulation of 

chamber emergence.  

In conjunction with the outward expansion of the myocardium, the inner 

endocardial layer of the heart also grows as the chambers emerge. Cellular 

proliferation drives this endocardial expansion (Fig. 3A,E,F), while local differences in 

endocardial cell morphologies correlate with the curved chamber contours (Dietrich et 

al., 2014). Interestingly, in conditions where fluid forces are reduced, proliferation of 

the ventricular endocardium is markedly decreased (Fig. 3B-F) (Dietrich et al., 2014). 

Endocardial cells also fail to acquire normal morphologies under these 

circumstances. Together, these results suggest a model in which fluid forces trigger 

proliferation of endocardial cells, causing an overall enlargement of the endocardium 

that provokes cell shape changes within the myocardium, thereby facilitating 

synchronous expansion of both cardiac layers.  
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Which molecular pathways might drive chamber emergence in response to 

fluid forces? Exposure of endothelial cells to shear stress in vitro induces the 

expression of KLF2, which encodes a mechanoresponsive transcription factor 

(Dekker et al., 2002), and the expression of the zebrafish homolog klf2a also appears 

to be flow-responsive (Vermot et al., 2009). The klf2 pathway is thought to contribute 

to the regulation of chamber emergence, since klf2a morphants exhibit aberrant 

endocardial morphology in the ventricle (Dietrich et al., 2014). Micro-RNAs are also 

interesting candidates for mechanoresponsive functions, since they can be regulated 

rapidly in response to flow (Banjo et al., 2013). Indeed, function-dependent 

expression of miR-143 in both the myocardium and the endocardium impacts the 

process of ventricular emergence (Miyasaka et al., 2011). In the myocardium, miR-

143 targets adducin3, which regulates cytoskeletal actin dynamics and can thereby 

influence cardiomyocyte morphology (Deacon et al., 2010). In the endocardium, miR-

143 limits retinoic acid signaling by directly targeting raldh2 and rxrab (Miyasaka et 

al., 2011). Intriguingly, miR-143 morphants exhibit gaps in the ventricular 

endocardium (Miyasaka et al., 2011), hinting at defects in endocardial cell number. In 

future studies, it will be valuable to identify not only additional mechanosensitive 

genes that are relevant to chamber emergence but also additional downstream 

effectors responsible for executing the patterns of proliferation in the endocardium 

and cell shape change in the myocardium.  

 

3.3 Retrograde flow drives atrioventricular canal differentiation  
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As the cardiac chambers emerge, the junction between the atrium and the 

ventricle constricts to form the atrioventricular canal (AVC). Within this region, distinct 

differentiation pathways create the endocardial cushions, specialized structures that 

will subsequently remodel to create the atrioventricular valve. Endocardial cushion 

formation has been examined with cellular precision in zebrafish, owing to the optical 

accessibility of the embryo. At early stages, endocardial cells accumulate both 

through proliferation and via convergence to the AVC region (Fig. 4A-C) (Boselli et 

al., 2017; Steed et al., 2016), while also acquiring distinctive cuboidal morphologies 

(Beis et al., 2005; Steed et al., 2016). Following this, the endocardial cells invaginate 

as a sheet into the extracellular matrix, ultimately forming valve leaflets (Pestel et al., 

2016).  

Early work in chick had shown that impediment of mechanical forces in the 

heart, via surgical alteration, can result in abnormal morphology of the atrioventricular 

valve (Sedmera et al., 1999). Following this, several studies in zebrafish have 

indicated that cardiac function provides essential cues for endocardial cushion 

formation.  Endocardial cushions fail to form in silent heart mutants and cardiofunk 

mutants, both of which have defects in cardiac contractility (Bartman et al., 2004; 

Beis et al., 2005). Similarly, physical occlusion of blood flow into the zebrafish heart 

impairs atrioventricular valve development (Hove et al., 2003).  

The oscillatory component of wall shear stress, or retrograde flow, is known to 

be particularly elevated within the AVC (Heckel et al., 2015), suggesting that the 

magnitude and the direction of fluid forces could influence AVC differentiation.  To 

examine the effects of these types of mechanical inputs, the phenotypes generated 
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by knocking down gata1 and gata2, genes involved in hematopoiesis, were 

examined (Vermot et al., 2009). Since both genes contribute to erythrocyte 

development, knockdown of either should reduce shear forces in the heart.  In 

addition, gata2 morphants display a reduction in retrograde flow fraction (RFF) in the 

AVC, whereas gata1 morphants display an increased RFF. Furthermore, gata2 

morphants fail to develop valve leaflets, whereas gata1 morphants appear strikingly 

normal. Likewise, valve formation fails in weak atrium mutants, which also exhibit a 

reduced RFF in the AVC (Kalogirou et al., 2014). Notably, the valve defects in gata2 

morphants are preceded by a failure to accumulate endocardial cells at the AVC, as 

well as irregular cellular morphologies (Vermot et al., 2009). The former is consistent 

with the observation that endocardial convergence at the AVC fails in silent heart 

mutants (Fig. 4B-E) (Boselli et al., 2017). Together, these findings imply that 

retrograde flow, and not shear, is the driving force for atrioventricular valve formation, 

potentially through its influence on cellular rearrangement during AVC differentiation.  

Investigation of the molecular pathways triggered by retrograde flow in the 

AVC has primarily centered on klf2a. Expression of klf2a in the AVC endocardium is 

reduced in gata2 morphants (Heckel et al., 2015; Vermot et al., 2009), and klf2a 

morphants resemble gata2 morphants in that their AVC endocardial cells are reduced 

in number as well as abnormally elongated and flat (Vermot et al., 2009). Moreover, 

the calcium channels Trpp2 and Trpv4 appear to regulate klf2a expression in 

response to oscillatory flow patterns within the AVC endocardium (Heckel et al., 

2015). Downstream effectors of Klf2 in the AVC endocardium include the 

extracellular matrix component Fibronectin: fibronectin1b morphants have defective 
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cell clustering at the AVC, similar to klf2a morphants and gata2 morphants (Steed et 

al., 2016). In addition, wnt9b acts a paracrine factor downstream of klf2a during AVC 

differentiation (Goddard et al., 2017).  

Given the importance of klf2a to mechanosensation at the AVC, it is 

reasonable to imagine that the levels of klf2a expression must be carefully controlled. 

In accordance with this, the cerebral cavernous malformation (CCM) proteins Ccm1 

and Ccm2 have been shown to restrict klf2a expression, with Ccm2 acting in a 

manner independent of cardiac function (Renz et al., 2015). Interestingly, the 

expression of Heg1, which acts to stabilize Ccm1, appears to be dependent on both 

cardiac function and klf2a, suggesting that klf2a acts in a negative feedback loop to 

influence its own expression (Donat et al., 2018). Altogether, studies of the factors 

upstream and downstream of klf2a place it as a key node in a retrograde flow-

regulated pathway that drives AVC differentiation. 

When considering additional factors that may act in or parallel to the klf2a 

pathway in this context, it is again interesting to examine the possible roles of micro-

RNAs. For example, miR-21 is expressed in the AVC in a function-dependent 

manner, and miR-21 morphants fail to exhibit normal atrioventricular valve formation 

(Banjo et al., 2013). miR-21 is thought to activate the MAP kinase cascade by 

targeting sprouty2, suggesting a possible mechanism for its influence on endocardial 

cell behavior during AVC differentiation. Further work will be necessary to evaluate 

whether these and/or other players interface with the klf2a pathway in executing the 

biomechanical regulation of AVC differentiation by retrograde flow. 
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3.4 Functional regulation of ventricular trabeculation  

Following cardiac chamber emergence, the architecture of the ventricle 

becomes more elaborate through the formation of trabeculae – myocardial ridges that 

extend into the ventricular lumen. Analyses in zebrafish have shown that 

trabeculation is driven by the directional migration of cells that delaminate from the 

compact layer of the myocardium (Liu et al., 2010; Staudt et al., 2014). This 

delamination process involves constriction of the abluminal cardiomyocyte surface 

and is dependent upon the proper apicobasal polarization of the myocardial tissue 

(Jimenez-Amilburu et al., 2016; Staudt et al., 2014). In a noncontractile zebrafish 

heart, trabeculation fails: in silent heart morphants, for example, cardiomyocytes still 

extend protrusions into the ventricular lumen, but these protrusions frequently retract 

and stable trabeculae do not form (Staudt et al., 2014). These findings indicate that 

cardiac function is important for regulating trabeculation, consistent with prior 

observations in chick, where ventricular afterload has been implicated in regulating 

the thickening of the compact and trabecular layers (Sedmera et al., 1999).  

Do fluid forces play a key role in controlling the cell behaviors that underlie 

trabeculation? Indeed, reduction of blood flow in both weak atrium mutants and gata1 

morphants inhibits trabeculation (Fig. 5A,C,D) (Lee et al., 2016; Peshkovsky et al., 

2011; Staudt et al., 2014; Vedula et al., 2017). Furthermore, studies in weak atrium 

mutants and morphants suggest that both the initial formation of luminal protrusions 

and their progression into stable trabeculae could be sensitive to the patterns of 

blood flow through the ventricle (Peshkovsky et al., 2011; Staudt et al., 2014). Flow 

parameters at the onset of ventricular trabeculation have not yet been carefully 
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examined; however, the oscillatory shear index has been shown to be higher in 

trabecular grooves and lower in trabecular ridges at 4 days post-fertilization, after 

mature trabeculae are in place, and this distinct pattern is perturbed when 

trabeculation is inhibited (Fig. 5) (Vedula et al., 2017). In future studies, it will be 

valuable to investigate flow patterns in the ventricle at earlier stages in order to 

discern whether parameters like the oscillatory shear index can predict where 

trabecular protrusions will form. 

Several signaling pathways that are known to be important regulators of 

trabeculation are also responsive to biomechanical cues. For example, the 

Neuregulin signaling pathway, operating through the Erbb2 receptor tyrosine kinase, 

is required for trabeculation (Liu et al., 2010), and expression of both erbb2 (Lee et 

al., 2016) and its ligand nrg2a (Rasouli & Stainier, 2017) have been shown to be 

dependent on cardiac function. Function-mediated Notch signaling activity in the 

endocardium has also been implicated in trabeculation, potentially via its role in 

regulating expression of the Erbb2 ligand nrg1 (Samsa et al., 2015), as has been 

suggested in mice (Grego-Bessa et al., 2007). Wwtr1, a Hippo pathway effector that 

localizes to the nucleus in response to function, is an essential regulator of the 

compact wall architecture supporting trabeculation, where it can also influence 

myocardial Notch signaling (Lai et al., 2018). Furthermore, Erbb2 signaling can direct 

Wwtr1 localization (Lai et al., 2018) and Notch signaling in the myocardium (Jimenez-

Amilburu et al., 2016). Finally, cardiac function, Erbb2, Wwtr1, and Notch have all 

independently been shown to be important for the relocalization of N-cadherin in 

delaminating cardiomyocytes (Cherian et al., 2016; Han et al., 2016; Lai et al., 2018). 
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Collectively, these data signify complex spatiotemporal interactions between cardiac 

function and the Erbb2, Notch, and Hippo signaling pathways during the modulation 

of trabeculation. Ongoing studies will continue to illuminate the precise nature of 

these interactions, while also deciphering how these pathways instruct cell behaviors 

as trabeculae form.  

 

4. Summary and future directions 

Recent studies in zebrafish have amply demonstrated the broad utility of this 

model organism for analysis of the biomechanical regulation of cardiac development. 

The exceptional optical access to the developing heart, coupled with a variety of 

options for manipulation of gene function, has illuminated multiple morphogenetic 

processes that are dependent upon cardiac function. Moreover, scenarios in which 

blood flow is altered have provided intriguing evidence linking fluid forces to several 

key steps in cardiac maturation. Finally, further genetic analyses have created an 

emerging framework of the mechanoresponsive pathways that orchestrate important 

patterns of cell behavior in the embryonic heart (Fig. 6).  

Despite these recent advances, there are still substantial challenges inherent 

to studying the relationship between fluid forces and cardiac morphogenesis. 

Importantly, common strategies for interfering with cardiac function often alter several 

biomechanical variables simultaneously. Inhibition of cardiac contractility, for 

example, changes both the stretch of cardiac tissues and the various forces 

associated with blood flow. In addition, manipulations that alter circulation while still 

maintaining contractility can perturb both the velocity and the direction of flow. Hence, 
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most conclusions reached thus far are based on correlating particular functional 

scenarios with interesting phenotypes, rather than demonstrating which specific types 

of fluid forces cause which cellular outcomes. To evaluate the effects of distinct 

biomechanical cues, it will be instrumental for future studies to employ techniques 

that administer specific forces in a targeted fashion. Applications of single molecule 

spectroscopy could be adapted for this purpose: optical tweezing, for instance, could 

be used to manipulate erythrocyte velocity or direction in a confined region (Anton et 

al., 2013). Similarly, magnetic tweezers could be employed to stretch cells coated 

with ligand-conjugated magnetic beads, where the specificity of the ligand determines 

spatial control (Marjoram et al., 2016). These types of directed manipulations will help 

to delineate causative relationships between distinct fluid forces and specific cellular 

responses. 

Even with experiments that uncouple the effects of specific flow parameters, 

limitations remain in our ability to interpret how particular forces exert their impact on 

both the endocardium and the myocardium. These two layers of the heart appear to 

respond to fluid forces in a harmonious fashion, yet it is unknown how they 

coordinate their morphogenesis. Does the pressure created by blood flow induce 

stretch of both the endocardium and the myocardium simultaneously? Or do fluid 

forces act primarily on the endocardium, with signals relayed to the myocardium only 

secondarily? Does the ECM that resides between the endocardium and myocardium 

transmit biomechanical cues between the layers, in addition to regulating biochemical 

cross-talk between them? To address these questions, it will be exciting for future 

studies to employ tools like tissue-specific, FRET-based tension sensors (Lagendijk 
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et al., 2017) or tissue-embedded, force-sensitive oil microdroplets (Campas et al., 

2014) to elucidate the precise spatiotemporal dynamics of cardiac 

mechanosensation. 

Finally, we cannot resolve the mechanical interactions between the 

endocardium and the myocardium without knowing the full roster of molecular 

pathways responding to forces in each of the two layers. Interesting candidates for 

future exploration include Piezo1, a mechanosensitive calcium channel (Ranade et 

al., 2014), Yap1, a nuclear target of Hippo signaling (Nakajima et al., 2017), TGF-β 

receptors like Endoglin (Sugden et al., 2017), and junctional components like VE-

cadherin (Baratchi et al., 2017), all of which have been shown to have 

mechanoresponsive roles in the endothelium. It will also be important to consider 

possible functional overlap between paralogues of genes that have already been 

implicated in cardiac mechanobiology, especially since discrepancies between 

mutant and morphant phenotypes suggest compensatory interactions between 

related factors (Novodvorsky et al., 2015).  

  Altogether, the body of work examining the influence of fluid forces during 

zebrafish heart development has opened up a number of exciting avenues for further 

investigation into the mechanosensitive pathways that control essential 

morphogenetic mechanisms. Going forward, we foresee that future studies in this 

area will actively bridge the gap between biomechanical inputs and cellular 

outcomes. By measuring and manipulating specific flow parameters and monitoring 

their impacts, it will be feasible to connect the fluid mechanics, signal transduction, 

downstream effector genes, and cellular dynamics that are responsible for shaping 
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essential features of the developing heart. Ultimately, a mechanistic understanding of 

the roles of fluid forces during cardiac morphogenesis is likely to provide a valuable 

foundation for new insights regarding how hemodynamic conditions in utero affect 

the incidence of congenital heart disease.  
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Figure A-1: Analysis of blood flow in the zebrafish. (A) Labeled erythrocytes in 
the dorsal aorta of an embryo carrying the transgene Tg(gata1:dsRed) are visualized 
at a single timepoint. (B) Image segmentation identifies individual erythrocytes (green 
dots). (C) A tracking algorithm reveals the trajectories (yellow lines) of the 
erythrocytes, allowing measurement of their displacement and estimation of their 
velocity. (D) Workflow options for analysis of blood flow in zebrafish. PIV, particle 
image velocimetry; CFD, computational fluid dynamics; WSS, wall shear stress; RFF, 
retrograde flow fraction. Panels A-C adapted from Watkins et al., 2012.  
 

 

 

 

 

 

 

 

 

 

 



	

153	
	

 

 

Figure A-2: Cardiac function modulates cardiomyocyte dimensions in the 
ventricle. Confocal projections show the ventricle in embryos carrying the transgene 
Tg(myl7:egfp), with mosaic expression of Tg(myl7:dsRedt4). (A,C) At 52 hours post-
fertilization (hpf), cardiomyocytes in the outer curvature of the ventricle (arrows) have 
acquired a characteristic size and an elongated morphology. (B) In weak atrium 
(wea) mutants, blood flow into the ventricle is reduced, and the cardiomyocytes in the 
outer curvature are abnormally small (arrow) and circular (arrowhead).  (D) In half-
hearted (haf) mutants, the ventricle is non-contractile, and the outer curvature 
cardiomyocytes are abnormally large and distended (arrows). Images adapted from 
Auman et al., 2007. 
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Figure A-3: Fluid forces influence endocardial cell number during chamber 
emergence. (A-D) Endocardial cells (green) are indicated by expression of the 
transgene Tg(kdrl:GFP); localization of Amhc (blue) and actin (red) are also shown. 
Whereas wild-type embryos have ~80 and ~70 endocardial cells in the ventricle and 
the atrium, respectively (A,E), the number of endocardial cells in both chambers is 
significantly reduced in silent heart (sih; tnnt2a) mutants (B,E), in which the heart is 
noncontractile. gata1/2 morphants, which have diminished shear forces due to their 
reduced hematocrit, display fewer endocardial cells in the atrium (C,E). In contrast, 
gata2 morphants, which have been shown to have reduced retrograde flow in 
addition to diminished shear forces, display fewer endocardial cells in both chambers 
(D,E), similar to sih mutants. (F) Consistent with this, endocardial proliferation in the 
ventricle is significantly reduced in sih mutants and gata2 morphants, but not in 
gata1/2 morphants. Images adapted from Dietrich et al., 2014. 
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Figure A-4: Cardiac function regulates endocardial convergence at the AVC.  
(A) The AVC endocardium can be subdivided into four regions: superior (a), exterior 
(b), inferior (c) and interior (d). (B-E) Representations of the unfolded endocardium in 
Tg(fli:kaede) embryos in which the AVC endocardium has been labeled via 
photoconversion. In wild-type embryos, the AVC endocardial cells converge between 
36 hpf (B) and 48 hpf (C). In contrast, in sih mutants, the AVC endocardium widens 
between 36 hpf (D) and 48 hpf (E). Images adapted from Boselli et al., 2017. 
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Figure A-5: Interplay between fluid forces and ventricular trabeculation.  
Representations of the inner surface of the ventricle, overlaid with a depiction of the 
oscillatory shear index (OSI) at 4 dpf. (A) In wild-type, the OSI is relatively high in 
trabecular grooves and relatively low in trabecular ridges. (B) In AG1478-treated 
embryos, the Neuregulin signaling pathway is inhibited, resulting in reduced 
trabeculation and a smoother inner surface of the ventricle. A similar reduction of 
trabeculation is observed in gata1a morphants (C) and wea mutants (D). Images 
adapted from Vedula et al., 2017. 
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Figure A-6: Mechanoresponsive pathways regulating cardiac development in 
zebrafish. During AVC development, oscillatory flow activates mechanosensitive 
calcium channels Trpp2 and Trpv4 in the endocardium, which then promote klf2a 
expression (Heckel et al., 2015). In addition, flow-induced Heg1 represses klf2a 
expression in conjunction with the CCM complex, establishing a feedback loop for 
klf2a (Donat et al., 2018; Renz et al., 2015). Klf2a, in turn, regulates wnt9b 
expression in the endocardium (Goddard et al., 2017) and Fibronectin deposition in 
the extracellular matrix (ECM) (Steed et al., 2016). At the same time, flow-induced 
miR-21 represses receptor tyrosine kinase signaling by targeting sprty2 (Banjo et al., 
2013). Meanwhile, during ventricle emergence, function-dependent miR-143 inhibits 
retinoic acid signaling in the endocardium (Miyasaka et al., 2011) and targets 
Adducin3 in the myocardium (Deacon et al., 2010). Mechanical forces also activate 
Notch signaling in the endocardium, which further induces expression of the Erbb2 
ligand nrg1 (Samsa et al., 2015). During trabeculation, cardiac function regulates 
nrg2a (Rasouli and Stainier, 2017) and erbb2 expression (Lee et al., 2016), as well 
as Wwtr1 localization (Lai et al., 2018). The Nrg/Erbb2 pathway can further affect 
Notch signaling in cardiomyocytes (Jiménez-Amilburu et al., 2016) and regulate 
Wwtr1 localization, which can also activate Notch signaling (Lai et al., 2018).  
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