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ABSTRACT OF THE DISSERTATION 

 

Signaling pathways promoting chamber identity in the zebrafish heart 
 

by 

 

Arjana Pradhan 

 

Doctor of Philosophy in Biology 

 

University of California, San Diego, 2016 

 

Professor Deborah Yelon, Chair 

The atrial and ventricular chambers of the heart behave as distinct 

functional subunits with unique morphological, contractile, and 

electrophysiological properties.  Therefore, the proper differentiation of atrial 

and ventricular tissues is crucial for the formation of a functional heart.  

Although the differences between atrial and ventricular chambers are well 
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characterized, less is known about how these chamber-specific attributes are 

acquired.  Here, we show that the FGF signaling pathway plays an essential 

part in regulating ventricular chamber identity.  Loss of FGF signaling following 

the onset of ventricular differentiation results in gradual accumulation of atrial 

cells, a corresponding loss of ventricular cells, and a progressive increase in 

the appearance of ectopic atrial cells within the ventricle.  These phenotypes 

reflect an important role for sustained FGF signaling in maintaining chamber-

specific characteristics in ventricular cardiomyocytes.  In addition, FGF 

signaling is required to establish ventricular character in late-differentiating 

cardiomyocytes that append to the arterial pole of the heart.  Our results 

highlight that, even after the initial specification of atrial and ventricular fates, 

ventricular identity needs to be continuously reinforced.  Our studies suggest 

active maintenance as a pervasive developmental mechanism by which cell 

fates are enforced until a cell is committed.  In addition, we present our 

findings from a phenotype-driven small molecule screen to find additional 

signaling pathways that modulate atrial and ventricular identities. 
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Chapter 1: Mechanisms controlling cardiac chamber identity 

 
 



	  

	  

2	  

Cardiac chambers: distinct subunits of the heart 

The heart is divided into atrial and ventricular chambers that work 

together toward a common goal, yet each have unique morphological, 

ultrastructural, and functional characteristics (Moorman and Christoffels, 

2003).  The ventricles are thick-walled and trabeculated, whereas the atria 

have thinner walls.  Ventricular cardiomyocytes have an elaborate system of 

transverse tubules, whereas atrial cardiomyocytes feature abundant Golgi 

complexes, endoplasmic reticulum, and storage granules.  There are also 

striking electrophysiological differences between ventricular and atrial 

cardiomyocytes, with ventricular cells having longer action potentials (Hume 

and Uehara, 1985; Legato, 1973; McGrath and de Bold, 2009).  These distinct 

characteristics reflect the functional requirements of the two types of 

chambers, which include force generation for the ventricles and 

neurohormonal regulation in response to stimuli such as hemodynamic load 

for the atria (Barth et al., 2005; McGrath and de Bold, 2009).  Hence, the 

distinctions between the cardiac chambers are essential to form a functional 

heart, but we do not yet understand how these chamber-specific 

characteristics are acquired.   

Atrial and ventricular identities are presumably defined by chamber-

specific patterns of gene expression.  Atrial cardiomyocytes express markers 

such as myosin light chain 1a and 2a (Mlc1a and Mlc2a) (Kubalak et al., 

1994), the sarcoplasmic reticulum binding protein sarcolipin (Sln) 
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(Minamisawa et al., 2003), and the transcription factor Chicken Ovalbumin 

Upstream Promoter Transcription Factor II (COUP-TFII) (Lin et al., 2012; Wu 

et al., 2013).  Ventricular cardiomyocytes express myosin light chain 2v 

(Mlc2v) (Kubalak et al., 1994), Iroquois Homeobox 4 (Irx4) (Bao et al., 1999; 

Bruneau et al., 2000; He et al., 2009), phospholamban (Pln) (Koss et al., 

1995) and the hairy-related transcription factor Hey2 (Leimeister et al., 1999; 

Nakagawa et al., 1999).  These markers likely represent a subset of the genes 

that are enriched in a chamber-specific manner, as evidenced by gene 

expression profiles that indicate thousands of genes differentially expressed 

between atrial and ventricular chambers (Barth et al., 2005; Tabibiazar et al., 

2003).  What factors are at the top of the regulatory networks controlling 

distinct chamber identities? 

The zebrafish is an excellent model organism for studying the 

mechanisms that regulate atrial and ventricular identity.  Zebrafish embryos 

develop externally and are optically transparent, allowing active analysis of the 

chambers as they emerge.  Additionally, zebrafish atrial and ventricular 

chambers have unique characteristics.  In zebrafish, atrial and ventricular 

cardiomyocytes exhibit distinct patterns of myofibril architecture and have 

discrete cellular morphologies (Chi et al., 2008; Reischauer et al., 2014).  For 

example, atrial cardiomyocytes are squamous in shape, whereas ventricular 

cardiomyocytes are cuboidal (Chi et al., 2008).  They also have unique 

electrical properties as evidenced by distinct calcium transients and action 
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potentials (Chi et al., 2008).  In addition, atrial and ventricular cardiomoyctes 

express distinct myosin isoforms (Fig. 1.1): atrial myosin heavy chain (amhc) 

in the atrium (Berdougo et al., 2003) and ventricular myosin heavy chain 

(vmhc) in the ventricle (Yelon et al., 1999).  These cellular and molecular 

characteristics of atrial and ventricular cells in zebafish provide good subjects 

for study.  

In this chapter, I will highlight past studies related to the establishment 

and maintenance of atrial and ventricular chamber identity.  In particular, I will 

summarize the earliest origins of atrial and ventricular lineages and when and 

where they are thought to be specified.  Next, I will review the signaling 

pathways that regulate chamber specification.  Finally, I will review studies of 

chamber-specific transcription factors, as well as studies of cardiac 

regeneration that emphasize the plasticity of chamber identity.  

 

Origins of atrial and ventricular lineages 

The general locations of mesoderm-derived myocardial progenitors in 

the early vertebrate embryo have been identified through fate mapping studies 

(Dehaan, 1963; Ehrman and Yutzey, 1999; Garcia-Martinez and Schoenwolf, 

1993b; Hochgreb et al., 2003; Keegan et al., 2004; Redkar et al., 2001; 

Rosenquist, 1970; Schoenebeck et al., 2007; Stainier et al., 1993; Stalsberg 

and DeHaan, 1969).  Across model systems, the progenitors of the atrial and 

ventricular myocardium are found in bilateral populations within the anterior 
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lateral plate mesoderm (ALPM).  From here, these cells migrate towards the 

embryonic midline, concomitantly differentiate, and fuse to form a linear heart 

tube that contains both atrial and ventricular components.  The heart tube 

undergoes morphogenesis to form a looped structure that grows through later 

contributions of progenitors from the second heart field (SHF) (de la Cruz et 

al., 1977; de Pater et al., 2009; Hami et al., 2011; Kelly et al., 2001; Mjaatvedt 

et al., 2001; Waldo et al., 2001). 

Fate mapping experiments in chick embryos indicate that atrial and 

ventricular lineages are spatially organized from an early stage (Fig. 1.2) 

(Brand, 2003).  Within the primitive streak, ventricular progenitors are found in 

the anterior region of the cardiogenic portion of the primitive streak, whereas 

atrial progenitors are found in the posterior portion of the streak (Garcia-

Martinez and Schoenwolf, 1993b; Rosenquist, 1970).  Following gastrulation, 

atrial and ventricular progenitors continue their antero-posterior organization in 

the lateral plate mesoderm with ventricular progenitors tending to be located 

anterior to atrial progenitors (Dehaan, 1963; Ehrman and Yutzey, 1999; 

Hochgreb et al., 2003; Redkar et al., 2001; Stalsberg and DeHaan, 1969).  

Furthermore, the anterior-to-posterior organization of ventricular and atrial 

progenitors in the pregastrula embryo is reflected in the antero-posterior axis 

of the heart tube (Garcia-Martinez and Schoenwolf, 1993b).  In the heart tube, 

ventricular myocardium comprises the anterior portion and atrial myocardium 

comprises the posterior portion.  
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Similarly, fate maps of the zebrafish embryo indicate that atrial and 

ventricular progenitors are spatially organized prior to gastrulation, with atrial 

progenitors being located more ventrally and ventricular progenitors more 

dorsally and closer to the lateral margin (Fig. 1.3A) (Keegan et al., 2004).  As 

the embryo undergoes gastrulation and somitogenesis, these progenitors 

migrate dorsally and anteriorly to become positioned as bilateral populations in 

the ALPM (Fig. 1.3B).  The organization of these progenitors continues to be 

maintained such that ventricular progenitors are located more medially and the 

atrial progenitors are located laterally (Schoenebeck et al., 2007).  Once at the 

ALPM, atrial and ventricular populations migrate medially to fuse at the 

embryonic midline to form the cardiac disc (Fig. 1.3C) (Berdougo et al., 2003; 

Yelon et al., 1999).  Here, ventricular cells are located medial to atrial cells.  

Extension of the cardiac disc gives rise to the linear heart tube (Fig. 1.3D), 

which contains discrete ventricular and atrial portions.  Additional 

morphogenesis generates a looped heart with morphologically distinct 

ventricular and atrial chambers (Fig. 1.3E). 

 

Specification of atrial and ventricular lineages 

Although cardiac fate maps inform us of the locations of atrial and 

ventricular lineages, these data sets do not indicate when these lineages 

become specified.  It remains unclear whether chamber fate specification is 

coupled with cardiac specification or if these two events occur separately.  
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Early graft experiments in chick suggested that the primitive streak contains 

cells capable of forming the heart (Rawles, 1943).  Subsequently, explant 

experiments showed that cardiac mesoderm at stage 4 (mid-gastrulation) is 

specified and can differentiate in culture in the absence of any other tissue 

(Gonzalez-Sanchez and Bader, 1990).  The precise timing of cardiac 

specification in zebrafish is less clear.  Cardiac transcription factors such as 

Gata4, Nkx2.5, and Hand2 mark the heart field within the early ALPM 

(Schoenebeck et al., 2007), suggesting that specification occurs as 

progenitors undergo gastrulation and join the ALPM. 

Explant experiments in chick embryos suggest that chamber 

specification, like cardiac specification, occurs very early (Yutzey et al., 1995).  

Cardiogenic mesoderm explants from stage 4 embryos differentiate in minimal 

culture media to give rise to ventricular and atrial lineages as defined by 

absence or presence of the atrial myosin heavy chain AMHC1.  Thus, it is 

possible that cardiac specification and chamber specification happen at or 

around the same time or are even mechanistically coupled, potentially being 

regulated by the same signaling pathways. 

 

Signaling pathways in chamber fate specification 

Several signaling pathways are known to contribute to specification of 

cardiac identity (Noseda et al., 2011; Scott, 2012).  The FGF, BMP, and Nodal 

pathways promote cardiac specification, whereas negative regulators like 
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retinoic acid (RA) limit the size of the cardiac progenitor field.  The influence of 

the Wnt signaling pathway on cardiac specification appears to depend on the 

developmental stage such that it is inductive at earlier stages and repressive 

at later stages.  The interplay between inductive and repressive signals 

culminates in the expression of transcription factors that control the cardiac 

differentiation program.  It is interesting to consider that the signaling pathways 

involved in cardiac specification could also be used to influence chamber fate 

specification.  

The organization of the chamber progenitor fate map suggests various 

candidates for the signals that impact chamber fate.  For example, based on 

the fate map of the zebrafish pregastrula embryo (Keegan et al., 

2004), signals distributed in a gradient either along the dorsal-ventral axis or 

the animal-vegetal axis will differentially influence the ventricular and atrial 

lineages.  Similarly, signals distributed along the anterior-posterior axis could 

also differentially affect assignment of ventricular and atrial fates in the chick 

embryo.  As my thesis research is focused on identifying signaling pathways 

that control chamber-specific gene expression patterns, I will now review four 

pathways that have been shown to impact chamber fate assignment. 

 

BMP signaling 

Fate map organization of cardiac chamber progenitors (Keegan et al., 

2004) and the ventral-to-dorsal distribution of BMP signaling (Tucker et al., 
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2008) in the early zebrafish embryo suggest that this pathway could play a role 

in promoting atrial fate.  Indeed, zebrafish embryos with a mutation in the type 

I BMP receptor gene alk8 have a linear heart with a very small atrium and a 

normally sized ventricle (Marques and Yelon, 2009).  Embryos overexpressing 

a constitutively active form of alk8 exhibited enlarged hearts with a surplus of 

atrial cardiomyocytes and a modest increase in ventricular cell numbers.  

Temporal inhibition of the BMP pathway using the antagonist dorsomorphin 

and the heat-inducible transgene Tg(hsp701:dnBmpr-GFP) indicated that BMP 

signaling is required during gastrulation to form appropriate numbers of atrial 

cells. 

Given that high levels of BMP generate a surplus of atrial cells and low 

levels result in reduced atrial numbers, it is interesting to consider a model in 

which the level of BMP signal reception could determine whether a cardiac 

progenitor acquires atrial or ventricular fate.  This logic would also imply that 

low BMP levels promote ventricular cell fate; however, loss of BMP signaling 

did not lead to increased ventricular numbers (Marques and Yelon, 2009).  

Thus, rather than BMP signaling promoting atrial fate at the expense of 

ventricular fate, these data suggest that the spatially organized atrial and 

ventricular progenitors in the blastula have different requirements for BMP 

signaling during specification stages.  Collectively, this work suggests that 

BMP signaling promotes the specification of atrial cardiomyocytes. 
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Nodal signaling 

The distribution of Nodal activity in the zebrafish blastula suggested a 

role for this signaling pathway in chamber fate assignment.  The Nodal–related 

factors Squint and Cyclops are expressed in the yolk syncytial layer and in 

blastomeres close to the embryonic margin (Feldman et al., 1998; Rebagliati 

et al., 1998a; Rebagliati et al., 1998b).  As ventricular progenitors are 

organized closer to the margin than are atrial progenitors, it seems feasible for 

Nodal signaling to influence atrial and ventricular fates differentially.  Indeed, 

reduced levels of Nodal signaling result in preferential loss of ventricular 

myocardium (Keegan et al., 2004).  In contrast to the wild-type fate map, fate 

mapping in embryos with reduced Nodal signaling revealed that regions 

normally occupied by ventricular progenitors at the embryonic margin were 

instead occupied by atrial progenitors.  Thus, Nodal signaling is required to 

specify ventricular fate, and loss of Nodal signaling can result in ventricular to 

atrial fate transformation in cardiac progenitor cells. 

 

RA signaling 

Several studies in chick have suggested that RA signaling establishes 

anterior-posterior patterning within the developing heart.  Application of 

exogenous RA causes expansion of AMHC1 expression into the more anterior 

ventricular portion of the heart, whereas treatment with the RA receptor 

antagonist BMS493 expanded the ventricular chamber and reduced the atrial 
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compartment (Hochgreb et al., 2003; Xavier-Neto et al., 2001; Yutzey et al., 

1994).  Comparison of the cardiac fate maps in wild-type and BMS493-treated 

embryos indicated that RA signaling acts to promote atrial fate assignment 

(Hochgreb et al., 2003).  In wild-type embryos, the posterior portion of the 

heart field only gives rise to atrial cardiomoycytes; however, in the absence of 

RA signaling, the fate map is altered such that cells in the posterior field can 

now contribute to the ventricle.  Therefore, RA signaling is required to specify 

atrial chamber identity in chick, and loss of RA signaling causes atrial-to-

ventricular fate transformation. 

RA signaling seems to play different roles during chamber fate 

assignment in zebrafish.  Reduction of RA signaling in the early zebrafish 

embryo, using the antagonists DEAB or BMS189453, increases both atrial and 

ventricular cell numbers (Waxman et al., 2008).  When RA signaling is 

inhibited, increased specification of ventricular progenitors leads to an 

increased number of ventricular cells, similar to findings in chick.  However, 

contrary to the role of RA in chick, RA signaling does not regulate atrial 

specification in zebrafish: instead, increased proliferation accounts for the 

increase in atrial numbers. 

 

FGF signaling  

As my thesis research investigates the role of FGF signaling in 

maintaining ventricular identity, I will provide here a detailed review of the FGF 
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signaling pathway, its role in cardiac and chamber specification, and its impact 

on late-differentiating cells that append to the heart tube. 

FGFs are a large family of polypeptide growth factors that regulate 

fundamental cell behaviors: humans and mice have 22 fgf genes, and there 

are 27 fgf genes in zebrafish (Pownall and Isaacs, 2010).  FGFs exert their 

activities by binding to receptor tyrosine kinases in the presence of co-factor 

heparan sulphate proteoglycans.  Mammals and fish have four FGF receptor 

genes (FGFR1-4) and alternative splicing generates additional isoforms of 

these receptors.  Ligand binding stimulates receptor dimerization as well as 

activation and autophosphorylation of the receptor and its binding partners to 

trigger signal transduction.  FGF signals can be transduced to target cells 

through multiple pathways including the phospholipase Cγ (PLCγ), 

phosphoinositide 3-kinase (PI3K), and mitogen-activated protein kinase 

(MAPK) pathways, which regulate cellular processes like proliferation, 

migration, and differentiation (Fig. 1.4).  Factors like Sprouty (Spry) and the 

MAPK phosphatase Dusp6 are activated by FGF signaling and act in a 

negative feedback loop to modulate the pathway.  Spry proteins inhibit FGF 

signaling higher up in the signaling cascade at the level of Ras and Raf, 

whereas Dusp6 proteins specifically dephosphorylate ERK1/2 (Fig. 1.4) 

(Pownall and Isaacs, 2010).  

In addition to its proposed role in chamber specification (discussed 

below), FGF signaling has an established role in cardiac specification in many 
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species.  Flies with a mutation in heartless, the Drosophila homologue of 

FGFR, completely lack a dorsal vessel (the Drosophila heart equivalent) 

(Beiman et al., 1996).  This phenotype has been attributed to the role of FGF 

signaling in mesoderm migration as well as to its role in the specification of 

cardiac progenitors (Michelson et al., 1998).  In Ciona, heart specification is 

blocked by inhibition of FGFR, whereas application of FGF transforms anterior 

tail muscle cells into heart cells (Davidson et al., 2006).  In mice, it has been 

difficult to examine the role of FGF signaling during cardiac specification, 

because global knockout of Fgfr1-/- or Fgf8-/- results in death prior to 

completing gastrulation (Sun et al., 1999).  Conditional knockout of Fgf8 in the 

precardiac mesoderm using a Mesp1-driven Cre recombinase results in 

embryos with a hypoplastic heart tube with a short or absent OFT (Park et al., 

2006).  

In zebrafish, examination of the cardiac defects in fgf8a mutants 

implicates FGF signaling in cardiac specification (Reifers et al., 2000).  fgf8a 

mutants exhibit reduced expression levels of gata4 and nkx2.5, as well as a 

smaller heart (Reifers et al., 2000).  Additional work from our lab has also 

suggested an early role for FGF signaling in cardiac specification (Marques et 

al., 2008).  Reduction of FGF signaling during gastrulation stages resulted in 

reduced numbers of both atrial and ventricular cardiomyocytes (Fig. 1.5) 

(Marques et al., 2008).  These experiments were conducted by temporally 

inhibiting the FGF pathway by treating embryos with SU5402, a FGFR 
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antagonist.  In addition, gain-of-function data add credence to the role of FGF 

during cardiac specification: increased FGF signaling in the gastrula can 

generate a surplus of both atrial and ventricular cardiomyocytes (Marques et 

al., 2008; Sorrell and Waxman, 2011). 

Work in zebrafish also suggests a role for FGF signaling during the 

process of chamber specification (Marques et al., 2008). Analysis of fgf8a 

mutants and embryos treated with SU5402 during gastrulation revealed a 

more significant reduction in ventricle size compared to the impact on the 

atrium (Fig. 1.5).  Given that loss of FGF signaling causes a reduction in the 

numbers of ventricular cells, and increased FGF signaling generates a surplus 

of ventricular cells, it seems that FGF signaling promotes ventricular 

specification.  However, this support of ventricular fate assignment does not 

seem to be at the expense of atrial fate assignment: increased FGF signaling 

also enhances atrial cell numbers.  Together, these data suggest that atrial 

specification and ventricular specification have different requirements for FGF 

signaling, with the ventricular lineage being particularly sensitive to loss of 

FGF.  This fits well with the spatial organization of atrial and ventricular 

progenitors in the pre-gastrula embryo (Keegan et al., 2004), since dorsally-

positioned ventricular progenitors are exposed to higher levels of the dorsal-

ventral gradient of FGF signaling than atrial progenitors are (Furthauer et al., 

1997).  In addition, FGF signaling is also required after gastrulation for 

continual support of the ventricular lineage: reduction of FGF signaling during 
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gastrula stages results in significantly reduced numbers of ventricular cells, 

without a substantial change in the atrial population (Marques et al., 2008).  

These differential effects of FGF signaling are compatible with the medial-

lateral organization of ventricular and atrial progenitors in the lateral plate 

mesoderm (Schoenebeck et al., 2007) and the distribution of fgf8a expression, 

the highest levels of which are expressed medially (Reifers et al., 2000).  

Together, these findings suggest that FGF signaling is required to promote the 

production of ventricular cardiomyocytes, potentially by supporting the 

specification of ventricular progenitor cells. 

The vertebrate heart grows through accretion of late-differentiating 

SHF-derived cells, and FGF signaling is required for the development of 

structures derived from this population (Abu-Issa et al., 2002; Ilagan et al., 

2006; Park et al., 2006).  Mice hypomorphic for Fgf8 develop a truncated right 

ventricle and OFT; this is attributed to reduced proliferation and cell death 

within the SHF (Ilagan et al., 2006).  FGF signaling also impacts the SHF 

progenitor population in zebrafish (de Pater et al., 2009; Lazic and Scott, 2011; 

Marques et al., 2008; Zeng and Yelon, 2014; Zhou et al., 2011).  Inhibition of 

FGF results in the loss of markers of SHF progenitor cells, such as mef2cb 

and ltbp3 (Fig. 1.6) (Lazic and Scott, 2011; Zeng and Yelon, 2014; Zhou et al., 

2011).  Both in mouse and fish, studies of SHF development have focused on 

the roles of FGF and other signals in regulating the formation of late-

differentiating cardiomyocytes; in contrast, not much is known about how SHF-
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derived cardiomyocytes acquire their chamber identity.  How are the cells that 

append to the arterial pole directed to take on ventricular characteristics?  

Which signaling pathways provide this instruction?  Since FGF signaling is 

known to influence SHF progenitor cells, it will be interesting to investigate 

whether FGF is also involved in assigning ventricular fate to this population. 

Cardiac neural crest cells (CNCCs) also contribute to the growing heart, 

and FGF signaling is required for the development of this population.  In mice, 

CNCCs are required for proper septation of the OFT (Creazzo et al., 1998).  

Fgf8 hypomorphs exhibit increased cell death of CNCCs and present OFT 

septation defects (Abu-Issa et al., 2002; Ilagan et al., 2006).  Lineage tracing 

in zebrafish has demonstrated that two waves of CNCCs contribute to the 

heart (Cavanaugh et al., 2015).  CNCCs from the first wave add cells to the 

atrial and ventricular myocardium, whereas CNCCs from the second wave 

contribute to the bulbous arteriosus and the dorsal aorta.  FGF signaling is 

dispensable for the formation of the first wave of CNCCs, but the CNCCs that 

contribute to the bulbus arteriosus and aorta are severely reduced when FGF 

signaling is inhibited. 

It is evident from these studies that FGF signaling is important for 

several aspects of cardiac development, including the initial specification of 

ventricular cardiomyocytes and the later contribution of SHF-derived 

progenitor cells.  However, many interesting questions remain unanswered.  

When is ventricular fate specified?  Upon differentiation, will these cells be 



	  

	  

17	  

fully committed to their fate?  Does ventricular fate require ongoing 

maintenance?  How do SHF-derived late-differentiating cardiomyocytes 

acquire the appropriate chamber identity?  Is FGF signaling involved in 

establishment and maintenance of chamber-specific characteristics, either in 

early-differentiating or late-differentiating cardiomyocyte populations?  In 

Chapter 2, we will address some of these questions and demonstrate an 

important role for FGF signaling in enforcing ventricular identity.  

 

Transcription factors control chamber-specific gene expression  

Signaling pathways promote atrial and ventricular chamber identities 

presumably by triggering expression of chamber-specific transcription factors, 

including Irx4, Hey2, and COUP-TFII.  In mouse, the ventricles contain Irx4 

and Hey2, both of which preserve ventricle-specific characteristics by 

suppressing ventricular expression of atrial genes (Bao et al., 1999; Bruneau 

et al., 2000; He et al., 2009; Leimeister et al., 1999; Nakagawa et al., 1999) 

(Koibuchi and Chin, 2007).  Conversely, overexpression of IRX4 results in 

aberrant expression of VMHC1 and downregulation of AMHC1 in the atria of 

chick embryos (Bao et al., 1999). 

In mice, the transcription factor COUP-TFII is expressed in the atria (Lin 

et al., 2012) and confers atrial identity by promoting expression of a wide 

spectrum of atrial-specific genes and suppressing expression of ventricular-

specific genes (Wu et al., 2013).  Atria of COUP-TFII conditional knockout 
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mice gain expression of ventricular markers such as Mlc2v, Pln, and Irx4 and 

lose expression of atrial markers like MLC2a, MLC1a, Sln, and Gja5.  In 

addition, atrial cells ectopically expressing ventricular genes become 

functionally and morphologically similar to ventricular cardiomyocytes.  

Chromatin immunoprecipitation assays indicate COUP-TFII modulates the 

activity of chamber-specific genes by directly binding to them.  Furthermore, 

COUP-TFII is also required to maintain atrial identity; loss of COUP-TFII 

subsequent to the initial differentiation of atrial cardiomyocytes, but before 

E15.5, results in ventricularization of the atrium.   

In zebrafish, nkx genes appear to regulate the expression of ventricle-

specific transcription factors.  Specifically, irx4a and hey2 are downregulated 

in nkx mutant embryos suggesting that nkx genes function upstream of these 

factors to regulate maintenance of ventricular characteristics (Targoff et al., 

2013).  Consistent with this, embryos lacking nkx2.5 and nkx2.7 gradually lose 

expression of vmhc and gain expression of ectopic amhc, ultimately resulting 

in embryos with a diminutive ventricle and a large atrium (Fig. 1.7) (Targoff et 

al., 2013).  In addition to their shifts in chamber proportions, nkx mutant 

embryos also exhibit ectopic amhc-expressing cells within the ventricle (Fig. 

1.8) (Targoff et al., 2013).  Cell tracking experiments using the 

photoconvertible transgene Tg(myl7:kaede) suggested that ventricular cells 

transform into atrial cells in nkx-deficient embryos (Targoff et al., 2013).  

Furthermore, nkx genes confer ventricular identity to late-differentiating 
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cardiomyocytes at the arterial pole, which acquire inappropriate atrial gene 

expression in the absence of nkx function. (Fig. 1.9) (George et al., 2015).  

Moving forward, we are interested in identifying the signaling pathways that 

function upstream of the transcription factors that establish and reinforce 

ventricular identity.  In particular, which signals acts upstream of nkx genes in 

this context?  In Chapter 2, I will address this question and present data 

suggesting that FGF signaling acts upstream nkx2.5 to promote ventricular 

fate in both early-differentiating and late-differentiating cardiomyocytes. 

 

Plasticity in chamber identity and the need for its maintenance 

The relative plasticity of chamber identity has recently been illustrated 

during cardiac regeneration in larval zebrafish embryos (Zhang et al., 2013).  

This study demonstrated that, following injury to the ventricle, atrial 

cardiomyocytes proliferate and transdifferentiate to contribute to the ventricular 

myocardium.  Lineage tracing and time-lapse imaging were used to monitor 

the dedifferentiation, migration, and redifferentiation events that facilitate 

transformation of atrial cells into new ventricular muscle.  Furthermore, atrial-

to-ventricular transdifferentiation and regeneration was shown to be 

dependent upon Notch signaling.  These studies highlight the striking plasticity 

of chamber identity and raise curiosity about the mechanisms that can foster 

this plasticity, as well as the mechanisms that can suppress it to finalize 

lineage commitment.  In the context of cardiac chamber development, it will be 
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interesting to examine whether the signals that initially establish chamber 

identity are also important for commitment to that identity. 

 

Summary 

Prior studies provide substantial evidence that a network of 

transcription factors control chamber-specific gene expression programs.  

However, it remains unclear which signaling pathways function upstream of 

these transcription factors.  We speculate that signaling pathways involved in 

initial assignment of chamber fate will continue to be used to enforce and 

maintain chamber identity over time.  In Chapter 2, I will examine whether FGF 

signaling is required to maintain ventricular identity and if it executes its 

function through transcription factors known to control the ventricular gene 

program.  In Chapter 3, I will seek new signaling pathways that influence 

chamber identity by conducting a zebrafish-based in vivo small molecule 

screen.  In Chapter 4, I will integrate these ideas and present future directions. 
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Figure 1.1. vmhc and amhc are expressed in distinct subsets of 
cardiomyocytes 
(A-I) In situ hybridization depicts myl7 (also known as cmlc2), vmhc, and amhc 
expression in wild-type embryos at 20, 24, and 48 hpf; dorsal (A-F) and frontal 
(G-I) views.  (A, D, and G) myl7 is expressed in all differentiated 
cardiomyocytes.  (A-C) At 20 hpf, vmhc and amhc are expressed in a subset 
of the myl7-expressing cells.  vmhc is expressed only in the medial subset (B) 
and amhc is expressed only in the lateral subset (C) of myl7-expressing cells.  
(D-F) At 24 hpf, vmhc and amhc are expressed in distinct subsets of the myl7-
expressing heart: vmhc expression is restricted to the ventricle (E) and amhc 
expression is restricted to the atrium (F).  At 48 hpf, vmhc continues to be 
expressed in the ventricle (H) and amhc is restricted to the atrium (I).  Adapted 
from Berdougo et al., 2003. 
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Figure 1.2. Schematic of heart development in chick embryos 
Fate map of ventricular (red) and atrial (blue) lineages from HH stage 3 – HH 
stage 12.  At HH stage 3, ventricular and atrial progenitors are located in the 
primitive streak and are organized along the antero-posterior axis of the 
embryo with ventricular progenitors anterior to atrial progenitors.  Ventricular 
and atrial progenitors leave the primitive streak and become positioned at the 
ALPM with continued antero-posterior spatial organization by HH stage 5.  
Next, ventricular and atrial lineages migrate towards the midline and fuse at 
the anterior end to form a cardiac cresent by HH stage 7.  By HH stage 12, 
fusion is complete and a heart tube is formed with ventricular and atrial 
compartments along the rostral-caudal axis. Reprinted from Brand, 2003. 
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Figure 1.3. Schematic view of early heart development in zebrafish 
(A-E) Fate map of atrial and ventricular lineages.  Lateral (A), dorsal (B-D), 
and frontal (E) views of zebrafish cardiac development.  (A) Atrial (yellow) and 
ventricular (red) progenitors are spatially organized at the lateral margin of the 
embryo prior to gastrulation (Keegan et al., 2004).  Ventricular progenitors are 
positioned more marginally and dorsally compared to atrial progenitors that 
are found more ventrally.  (B) Myocardial progenitors migrate to form bilateral 
populations within the ALPM (Schoenebeck et al., 2007).  They continue to be 
spatially organized with ventricular progenitors occupying a more medial 
position compared to the laterally positioned atrial progenitors.  (C) 
Cardiomyocytes then move toward the embryonic midline and fuse, with the 
posterior end fusing first, to form a cardiac disc (Berdougo et al., 2003; Yelon 
et al., 1999).  (D) The cardiac disc elongates to give rise to the linear heart 
tube.  (E) By 48 hpf, the heart has undergone looping and consists of a 
ventricular chamber and an atrial chamber.  Adpated from Schoenebeck and 
Yelon, 2007.  
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Figure 1.4. Overview of the FGF signaling pathway cascade 
The FGF signaling pathway is initiated by the extracellular binding of FGFs to 
receptor tyrosine kinases (FGFR1-4) in the presence of cofactor heparan 
sulphate proteoglycans (HSPG).  This leads to activation and 
autophosphorylation of the receptor, activation of binding partners, and 
subsequent signal transduction.  FGF signals are transduced to target cells 
through the ERK/MAPK, PI3K, or PLCγ pathway to regulate various cellular 
events. Reprinted from Pownall and Isaacs, 2010.  
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Figure 1.5. Differential effects of FGF signaling on atrial and ventricular 
cardiomyocytes 
(A-F) Tg(cmlc2:DsRed2-nuc) embryos were immunostained with DsRed (red) 
and Amhc (green) to count numbers of atrial, ventricular, and total 
cardiomyocytes in the heart; lateral views, anterior to the left.  (G) Bar graph 
indicates numbers of atrial (yellow) and ventricular (red) cardiomyocytes, and 
numbers of total cardiomyocytes (blue).  Continuous treatment (5-48 hpf) with 
SU5402 (C, D, and G) results in embryos with dorsalized bodies and hearts 
with fewer numbers of atrial and ventricular cardiomyocytes.  Transient 
treatment with SU5402 during gastrulation (5-10 hpf) (E-G) results in slightly 
less severe reductions in numbers of atrial and ventricular cardiomyocytes.  
Continuous (C-D) and transient (E-F) treatments with SU5402 result in 
preferential loss of ventricular cardiomyocytes and a milder reduction in atrial 
cardiomyocytes.  Adapted from Marques et al., 2008.   
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Figure 1.6. Formation of SHF progenitors is dependent on FGF signaling 
(A and C) Immunostaining with MF20 and S46 (Amhc) shows cardiac 
morphology of 48 hpf hearts, frontal view.  (A) In wild-type embryos, a 
morphologically distinct OFT is visible (bracket).  (C) In contrast, the OFT is 
absent (bracket) from embryos treated with SU5402 from 24 hpf. 
(B and D) Immunostaining and fluorescent in situ hybridization of 30 hpf 
hearts; dorsal view.  (B) mef2cb labels progenitors of late-differentiating 
cardiomyocytes at the arterial pole of hearts labeled with MF20.  (D) In 
contrast, mef2cb expression is diminished in embryos treated with SU5402. 
Adapted from Zeng and Yelon, 2014.  
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Figure 1.7. nkx2.5 and nkx2.7 are essential for maintenance of cardiac 
chamber proportions  
(A-L) Fluorescent in situ hybridization depicts amhc and vmhc expression in 
wild-type embryos and in nkx2.5-/- embryos injected with anti-nkx2.7 MO at 36 
and 52 hpf; frontal views.  (A-C) amhc (green) depicts the atrial chamber and 
vmhc (red) depicts the ventricular chamber.  (D-F) At 36 hpf, embryos deficient 
in nkx gene function have an enlarged atrium and an abnormally small 
ventricle. (G-L)  In contrast to uninjected embryos, nkx-deficient embryos have 
a diminutive ventricle and an expanded atrium.  A gradual reduction in the size 
of the ventricular chamber and a simultaneous expansion in the atrial chamber 
are evident between 36-52 hpf.  Adapted from Targoff et al., 2013.  
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Figure 1.8. nkx2.5 is required to repress ectopic amhc expression in the 
ventricle 
(A-F) Immunofluorescence for MF20 (red) and S46 (green) and in situ 
hybridization for vmhc and amhc depict cardiac morphology and expression of 
ventricular and atrial markers.  (B and C) vmhc is restricted to the ventricle and 
amhc is restricted to the atrium of wild-type embryos.  (E and F) In contrast, 
amhc is detected in the ventricle of nkx2.5-/- embryos.  (D) Ectopic presence of 
Amhc protein is also observed. Reprinted from George et al., 2015.  
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Figure 1.9. nkx2.5 influences the identity of SHF-derived late-
differentiating cardiomyocytes 
(A-F) Fluorescent images are three-dimensional reconstructions of nkx2.5−/− 
and wild-type siblings carrying Tg(-5.1myl7:nDsRed2). 
 Immunofluorescence for MF20 (grey) and S46 (red) depicts the ventricular 
and atrial myocardium.  (A-C) Amhc is found in the atrium of wild-type 
embryos.  MF20 and DsRed mark early-differentiating cardiomyocytes, 
whereas MF20 alone marks late-differentiating cardiomyocytes.  (D-F) In 
contrast in wild-type siblings, nkx2.5-/- embryos exhibit ectopic Amhc in the 
ventricle.  Ectopic Amhc cells are MF20+, but DsRed-.  Reprinted from George 
et al., 2015.  
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Chapter 2: FGF signaling enforces ventricular identity in the zebrafish 

heart 
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SUMMARY 

The atrial and ventricular chambers of the heart behave as distinct 

subunits with unique morphological, electrophysiological, and contractile 

properties.  Proper maintenance of atrial and ventricular features is therefore 

essential for the development and homeostasis of a functional heart.  

However, chamber fate assignments seem relatively plastic, such that cells 

retain the potential to alter their chamber-specific traits even after initiating 

differentiation.  Our recent studies of zebrafish nkx2.5 and nkx2.7 mutants 

have shown that these transcription factors play key roles in enforcing 

chamber-specific gene expression programs, but the signaling pathways that 

function upstream of these factors are less well understood.  Here, we show 

that the FGF signaling pathway plays an essential part in regulating ventricular 

chamber identity.  Loss of FGF signaling following the onset of ventricular 

differentiation results in gradual accumulation of atrial cells, a corresponding 

loss of ventricular cells, and a progressive increase in the appearance of 

ectopic atrial cells within the ventricle.  These phenotypes reflect important 

roles for FGF signaling in establishing and maintaining chamber-specific 

characteristics in both early-differentiating and late-differentiating ventricular 

cardiomyocytes.  Moreover, we find that FGF signaling acts upstream of Nkx 

transcription factors in order to promote the retention of ventricular identity.  

Together, our data suggest a model in which continuous FGF signaling acts to 
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suppress the plasticity of differentiated cardiomyocytes and to preserve the 

integrity of the ventricular chamber.   
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INTRODUCTION 

The vertebrate heart is divided into atrial and ventricular chambers that 

work together toward a common goal, yet have unique morphological, 

electrophysiological, and contractile attributes (Barth et al., 2005; McGrath and 

de Bold, 2009).  These chamber-specific characteristics reflect the discrete 

molecular traits of atrial and ventricular cardiomyocytes: for example, each 

chamber expresses particular transcription factors (Bao et al., 1999; Bruneau 

et al., 2001; Wu et al., 2013; Xin et al., 2007), utilizes specific myosin isoforms 

(Berdougo et al., 2003; Bisaha and Bader, 1991; Yelon et al., 1999; Yutzey et 

al., 1994), and has distinct potassium channel subunit composition (Flagg et 

al., 2008).  Despite the well-established differences between atria and 

ventricles, our understanding of the mechanisms that facilitate these features 

remains incomplete.  

Fate mapping studies in chick and fish have demonstrated that atrial 

and ventricular lineages are separate and spatially organized in the early 

embryo (Garcia-Martinez and Schoenwolf, 1993a; Keegan et al., 2004; Redkar 

et al., 2001; Stainier et al., 1993; Yutzey et al., 1995).  The early diversification 

of these lineages is indicated by distinct gene expression programs that are 

evident even before the heart tube assembles (Berdougo et al., 2003; Yelon et 

al., 1999; Yutzey et al., 1994).   For example, in zebrafish, the expression 

patterns of the atrial myosin heavy chain (amhc) and ventricular myosin heavy 

chain (vmhc) genes distinguish subsets of differentiating cardiomyocytes 
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within the lateral plate mesoderm (Berdougo et al., 2003; Schoenebeck et al., 

2007; Yelon et al., 1999).  These populations of atrial and ventricular cells are 

later joined by late-differentiating cells that append to the venous and arterial 

poles of the heart and take on atrial and ventricular identity accordingly (de 

Pater et al., 2009; Kelly, 2012; Zeng and Yelon, 2014).  In both early-

differentiating and late-differentiating populations, chamber-specific gene 

expression programs must be tightly regulated. 

Chamber-specific transcription factors play key roles in controlling atrial 

and ventricular gene expression.  In mice, the transcription factor COUP-TFII 

is found in the atria and regulates the atrial gene expression program (Wu et 

al., 2013).  Tissue-specific deletion of COUP-TFII in differentiated myocardium 

results in ventricularized atria that express ventricular markers and exhibit 

electrical activity similar to that of ventricular cells.  Similarly, the ventricular 

transcription factors Hey2 and Irx4 are both required to prevent ectopic 

activation of atrial genes in the ventricular myocardium (Bao et al., 1999; 

Bruneau et al., 2001; Bruneau et al., 2000; Koibuchi and Chin, 2007; Xin et al., 

2007).  While each of these transcription factors is certainly important for 

regulating chamber-specific characteristics, it is not yet clear how their own 

chamber-specific expression is established.   

Our recent work has indicated important roles for Nkx transcription 

factors in controlling regionalized expression of Hey2 and Irx4 and promoting 

the maintenance of ventricular identity in zebrafish (Targoff et al., 2013).  We 
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have found that loss of function of nkx genes leads to gradual reduction of 

vmhc expression and simultaneous gain of amhc expression within the 

ventricle, ultimately yielding an expanded atrium, a diminished ventricle, and 

ectopic amhc-expressing cells within the ventricular remnant.  irx4a and hey2 

are downregulated in zebrafish nkx2.5-/-;nkx2.7-/- double mutants, suggesting 

that nkx genes function upstream of these transcription factors (Targoff et al., 

2013).  In addition, nkx genes promote the acquisition of ventricular identity in 

the late-differentiating cells that add on to the arterial pole (George et al., 

2015).  Thus, nkx genes seem to sit near the top of the transcriptional 

hierarchy that insures ventricular fate assignment in both early-differentiating 

and late-differentiating cells. 

We now seek to define the signaling pathways that act upstream of nkx 

genes to regulate the assignment of ventricular identity.  The FGF signaling 

pathway is an appealing candidate, since prior studies have demonstrated its 

influence on the induction of nkx2.5 expression in cardiac mesoderm (Keren-

Politansky et al., 2009; Reifers et al., 2000).  Furthermore, FGF signaling is 

known to play a potent role in regulating the size of the ventricle.  In zebrafish, 

inhibition of FGF signaling during cardiac specification stages reduces the size 

of both the ventricle and the atrium, with a particularly strong impact on the 

ventricle (Marques et al., 2008).  This early influence of FGF signaling on the 

ventricle is echoed at later stages, when FGF signaling promotes accretion of 

late-differentiating ventricular cells at the arterial pole (de Pater et al., 2009; 
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Lazic and Scott, 2011; Marques et al., 2008).  Similarly, in mouse, a 

hypomorphic allele of Fgf8 or tissue-specific deletion of Fgf8 results in 

formation of a hypoplastic right ventricle and outflow tract (OFT) (Abu-Issa et 

al., 2002; Ilagan et al., 2006; Park et al., 2006).   

Here, we demonstrate a new role for FGF signaling during ventricular 

development: in addition to promoting the production of ventricular 

cardiomyocytes, FGF signaling insures that these cells establish and maintain 

appropriate ventricle-specific characteristics.  Through inhibition of FGF 

signaling subsequent to the onset of chamber-specific differentiation, we find 

that reduction of FGF signaling results in gradual accumulation of atrial cells, a 

corresponding loss of ventricular cells, and a progressive increase in the 

appearance of ectopic amhc-expressing cells in the ventricle.  Analysis using a 

photoconvertible reporter transgene indicates that these ectopic amhc-

expressing cells are not derived from the atrium.  Instead, examination of the 

dynamic localization of Vmhc and Amhc suggests that sustained FGF 

signaling is necessary to maintain chamber-specific characteristics in 

ventricular cardiomyocytes.  In addition, FGF signaling is required to establish 

ventricular character in late-differentiating cardiomyocytes at the arterial pole.  

Finally, we demonstrate that FGF signaling acts upstream of nkx genes to 

execute its important function in enforcing ventricular identity.    



	  

	  

37 

MATERIALS AND METHODS 

Zebrafish 

We used the following established zebrafish strains: Tg(hsp70l:dnfgfr1-

EGFP)pd1 (Lee et al., 2005), Tg(hsp70:ca-fgfr1)pd3 (Marques et al., 2008), 

Tg(amhc:egfp)s958  (Zhang et al., 2013), Tg(myl7:H2A-mCherry)sd12 

(Schumacher et al., 2013), Tg(myl7:egfp)twu277 (Huang et al., 2003), 

Tg(myl7:dsredt4)sk74  (Garavito-Aguilar et al., 2010), Tg(hsp70l:nkx2.5-

EGFP)fcu1 (George et al., 2015), and fgf8ati282a (Reifers et al., 1998).  

 

In situ hybridization 

We performed standard in situ hybridization (Thomas et al., 2008) and 

fluorescent in situ hybridization in combination with immunofluorescence 

(Zeng and Yelon, 2014) as previously described, using established probes for 

amhc (myh6; ZDB-GENE-031112-1), vmhc (ZDB-GENE-991123-5), myl7 

(ZDB-GENE-991019-3), nkx2.5 (ZDB-GENE-980526-321), nkx2.7 (ZDB-

GENE-990415-179), and mef2cb (ZDB-GENE-04901-7). 

 

Immunofluorescence 

Whole-mount immunofluorescence was performed as previously 

described (Alexander et al., 1998), using the monoclonal antibodies MF20 

(1:10) and S46 (anti-Amhc; 1:10) (Developmental Studies Hybridoma Bank), 

polyclonal rabbit anti-Vmhc (1:500; GeneTex GTX12733), polyclonal rabbit 
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anti-Dsred (1:4000; Clontech 632496), chicken anti-GFP (1:500; Thermo 

Fisher A10262), and the secondary antibodies goat anti-mouse IgG2b FITC 

(1:100; SouthernBiotech), goat anti-mouse IgG2b TRITC (1:100; 

SouthernBiotech), goat anti-mouse IgG2b Alexa Fluor 647 (1:200; 

SouthernBiotech), goat anti-mouse IgG1 FITC (1:100; SouthernBiotech), goat 

anti-mouse IgG1 TRITC (1:100; SouthernBiotech), goat anti-mouse Alexa 

Fluor 405 (1:200; Thermo Fisher), goat anti-rabbit Alexa Fluor 488 (1:300; 

Thermo Fisher), goat anti-rabbit Alexa Fluor 594 (1:200; Thermo Fisher), and 

goat anti-chicken Alexa Fluor 488 (1:200; Thermo Fisher).   

 

Cardiomyocyte counting  

To count cardiomyocytes, we employed embryos carrying the 

transgenes Tg(hsp70l:dnfgfr1-eGFP) and Tg(myl7:H2A-mCherry).  We 

counted both Amhc+ and Amhc- cardiomyocyte nuclei using an established 

protocol (Schoenebeck et al., 2007) and used a two-tailed, unpaired t-test to 

compare data sets. 

 

Photoconversion 

To generate the Tg(amhc:dendra) transgene, we placed the Dendra 

coding sequence downstream of the previously characterized amhc promoter 

(Zhang et al., 2013).  Transgenic founders were established using standard 

techniques for I-SceI-mediated transgenesis (Soroldoni et al., 2009).  F1 and 
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F2 progeny of two different founders with comparable expression levels were 

used in photoconversion experiments.  

We treated Tg(amhc:dendra) embryos with either SU5402 or DMSO at 

18 hpf, and subsequently performed photoconversion at 26 hpf through 

exposure to 30 second intervals of UV light for up to 120 seconds, using a 

DAPI filter set on a Zeiss Axioplan microscope.  Embryos were maintained in 

either SU5402 or DMSO until they were analyzed at 48 hpf.   

 

Imaging 

Images were captured using a Zeiss Axioplan microscope outfitted with 

a Zeiss Axiocam camera and were processed using Zeiss Axiovision and 

Adobe Creative Suite software.  Confocal imaging was performed with a Leica 

SP5 confocal laser scanning microscope and analyzed using Imaris software 

(Bitplane). 

 

SU5402  

SU5402 treatments were performed as previously described (Marques 

et al., 2008).  A 10 mM stock of SU5402 (Tocris and Sigma) in DMSO was 

diluted to a working concentration of 5 uM in E3 medium.  Control embryos 

were treated with a corresponding dilution of DMSO in E3.  Up to 12 embryos 

were treated in a final volume of 1 mL in a glass vial.  In all assays performed, 

SU5402 treatment and heat-induced expression of dnfgfr1 produced 
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comparable results; however, Tg(hsp70l:dnfgfr1-eGFP) embryos were used 

whenever possible since they exhibited a more consistent phenotype. 

 

Heat shock  

Embryos from outcrosses of fish heterozygous for Tg(hsp70l:dnfgfr1-

eGFP) or Tg(hsp70l:ca-fgfr1) were kept at 28.5°C prior to heat shock.  To 

perform heat shock, embryos were added to 500 mL of E3, pre-equilibrated to 

37.5°C.  Tg(hsp70l:dnfgfr1-eGFP) clutches were incubated at 37.5°C for 22 

min at various stages and Tg(hsp70l:ca-fgfr1) clutches were incubated at 

37.5°C for 60 min at 18 hpf.  Rescue experiments were conducted by first 

treating Tg(hsp70l:nkx2.5-eGFP) embryos with SU5402 at 18 hpf, followed by 

heat shock at 24 hpf at 37.5°C for 60 min.  

Following heat shock, embryos carrying Tg(hsp70l:dnfgfr1-EGFP) and 

Tg(hsp70l:nkx2.5-eGFP) were identified by induction of eGFP, and embryos 

carrying Tg(hsp70l:ca-fgfr1) were identified by induction of red fluorescence in 

the lens (Marques et al., 2008).  For all experiments employing heat shock, 

nontrangenic siblings served as controls. 

 

Mosaic expression 

For mosaic studies, wild-type embryos at the one-cell stage were 

injected with 30 pg of Tg(hsp70:dn-fgfr1) (Lee et al., 2005) plasmid.  Embryos 

were heat shocked at 18 hpf and subsequently fixed for immunostaining at 48 
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hpf.
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RESULTS 

Inhibition of FGF signaling results in ectopic amhc expression in the 

ventricle 

Zebrafish fgf8a mutants have small hearts with severe deficiencies in 

the size of of both the atrium and the ventricle (Marques et al., 2008; Reifers et 

al., 2000).  Our prior work has shown an early role for FGF signaling in 

promoting production of atrial and ventricular cardiomyocytes, with a 

particularly potent effect on ventricular cardiomyocytes, which accounts for the 

small chambers seen in fgf8a mutants (Marques et al., 2008).  However, this 

function of FGF signaling does not seem adequate to explain an additional 

phenotype that we noted in fgf8a mutants.  In contrast to wild-type hearts in 

which amhc expression is seen in the atrium (Fig. 2.1A,E), fgf8a mutant hearts 

express amhc in the atrium and in a small cluster of cells in the ventricle (Fig. 

2.1B,F).  This uncharacteristic group of cells reminded us of the phenotype of 

nkx2.5 mutants, which exhibit abnormal chamber proportions as well as 

ectopic amhc within the ventricle, as a consequence of failing to maintain 

ventricular characteristics (George et al., 2015; Targoff et al., 2013).  We 

therefore wondered whether the ectopic amhc-expressing cells in fgf8a 

mutants reflected a later role for FGF signaling in maintenance of ventricular 

identity, in addition to its earlier influence on the initial formation of ventricular 

cells.    
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To test whether FGF signaling is required for maintenance of ventricular 

identity, we inhibited FGF signaling at stages after the onset of atrial and 

ventricular differentiation.  Since distinct expression patterns of vmhc and 

amhc are established by 18 hours post-fertilization (hpf) (Fig. 2.S1), we chose 

to reduce FGF signaling from this stage onward.  We employed two methods 

to manipulate FGF signaling: heat-induced expression of a dominant-negative 

form of Fgfr1, using the transgene Tg(hsp70l:dnfgfr1-EGFP) (Lee et al., 2005) 

(hereafter referred to as Tg(hsp70:dnfgfr1)), and exposure to the FGFR 

antagonist SU5402 (Mohammadi et al., 1997).  Using either method, inhibition 

of FGF signaling starting at 18 hpf consistently generated ectopic amhc-

expressing cells in the ventricle, both in its inner curvature and near the 

arterial pole (Fig. 2.1C-D,G-H).  These data implicate FGF signaling in 

preventing amhc expression in the ventricle and suggest a sustained influence 

of FGF signaling on the ventricular lineage beyond its role in the early embryo 

(Marques et al., 2008).   

At 18 hpf, fgf8a is expressed near the ventricular precursors within the 

lateral plate mesoderm, and it continues to be expressed in or near ventricular 

cells until 36 hpf (Marques et al., 2008; Reifers et al., 2000).  This persistence 

of fgf8a expression of FGF prompted us to test the duration over which FGF 

signaling is required to prevent ventricular expression of amhc.  As seen at 18 

hpf, administration of heat shock to Tg(hsp70:dnfgfr1) embryos at 24 or 28 hpf 

also generated ectopic amhc-expressing cells (Fig. 2.2), whereas ectopic cells 
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were not seen in embryos after heat shock at 29, 30 or 31 hpf (data not 

shown, n≥10 for each stage).  Additionally, we observed differences in the 

potency of the effect of expressing Tg(hsp70:dnfgfr1) at 18, 24, and 28 hpf.  

First, while all embryos heat shocked at 18 hpf (n=15/15) and nearly all 

embryos heat shocked at 24 hpf (n=22/24) exhibited ectopic amhc, only a 

small number of embryos heat shocked at 28 hpf (n=6/36) displayed ectopic 

amhc (Figs. 2.1C,G, 2B,C,E,F).  Second, while embryos heat shocked at 18 

hpf typically displayed 20-30 ectopic cells in the inner curvature and arterial 

pole region (Fig. 2.1C,G), only 5-10 ectopic cells were detected at the arterial 

pole after heat shock at 24 hpf (Fig. 2.2B,E), and just 2-3 cells were seen at 

the arterial pole after heat shock at 28 hpf (Fig. 2.2C,F).  Together, these 

results suggest that FGF signaling is required until approximately 28 hpf to 

repress ectopic expression of amhc within the ventricle, although this 

requirement tapers over time.  

 

Loss of FGF signaling results in progressive accumulation of atrial cells 

and simultaneous loss of ventricular cells 

In addition to creating ectopic amhc-expressing cells in the ventricle, 

loss of FGF signaling at 18 hpf also causes an apparent shift in ventricular and 

atrial proportions, producing an enlarged atrium and a reduced ventricle (Fig. 

2.1G,H).  For example, following heat shock at 18 hpf, Tg(hsp70:dnfgfr1) 

embryos exhibit an increased number of Amhc+ cells and a decreased number 
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of Amhc- cells at 50 hpf (Fig. 2.3E-G), while the total number of 

cardiomyocytes remains the same (Fig. 2.3G).  This phenotype emerges 

gradually over time in Tg(hsp70:dnfgfr1) embryos.  In the linear heart tube, 

only a modest increase in the number of Amhc+ cells is detectable (Fig. 

2.3A,B,G).  This increase becomes more substantial by 36 hpf (Fig. 2.3C,D,G) 

and is most notable at 50 hpf (Fig. 2.3E-G).  At all stages examined, we found 

reciprocal changes in the numbers of Amhc+ and Amhc- cells, such that the 

total number of cardiomyocytes was not significantly altered (Fig. 2.3G).  

Notably, the increasing numbers of Amhc+ cells reflect changes over time in 

both the number of cells in the atrium and the number of ectopic Amhc+ cells in 

the ventricle.  While we occasionally see one ectopic Amhc+ cell in 

Tg(hsp70:dnfgfr1) embryos at 26.5 hpf, we find that ectopic cells constitute 

approximately 10% of the total Amhc+ population at 36 and 50 hpf (data not 

shown).  The gradual and reciprocal shift in chamber proportions as well as 

the increasing numbers of ectopic amhc-expressing cells are reminiscent of 

the trends observed in nkx-deficient embryos, in which cardiomyocytes appear 

to undergo a ventricular-to-atrial transformation (Targoff et al., 2013).   

  

Loss of FGF signaling results in increased expression of amhc and 

decreased expression of vmhc in the ventricle 

Following inhibition of FGF signaling, ectopic amhc-expressing cells 

emerge with a characteristic spatial organization in the ventricle (Fig. 2.4A-H).  
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These cells first appear between 26-29 hpf along the inner curvature of the 

ventricle (Fig. 2.4E,F) and are later routinely observed both along the inner 

curvature and at the arterial pole (Fig. 2.4G,H).  Expression of vmhc is 

compromised in a reciprocal fashion when FGF signaling is inhibited (Fig. 2.4I-

P).  Reduced levels of vmhc expression become apparent between 26-29 hpf 

(Fig. 2.4M,N), and, at later stages, vmhc expression appears excluded from 

the portions of the ventricle that contain ectopic amhc expression (Fig. 

2.4O,P).  Altogether, the dynamic patterns of amhc and vmhc expression in 

Tg(hsp70:dnfgfr1) embryos suggest that FGF signaling not only prevents 

ectopic amhc expression in the ventricle but also preserves ventricular 

expression of vmhc.  

Considering that FGF signaling inhibits amhc expression and promotes 

vmhc expression in the ventricle, we wondered whether it is also capable of 

repressing amhc expression and inducing ectopic vmhc expression in the 

atrium.  To test this, we employed the transgene Tg(hsp70:ca-fgfr1), which 

facilitates activation of FGF signaling through heat-inducible expression of a 

constitutively active form of Fgfr1 (Marques et al., 2008).  Although activation 

of Tg(hsp70:ca-fgfr1) at early stages can generate a surplus of 

cardiomyocytes (Marques et al., 2008; Sorrell and Waxman, 2011), we found 

that induction of transgene expression at 18 hpf does not alter the distribution 

of amhc expression (Fig. 2.S2A,B), nor does it introduce ectopic vmhc 

expression (Fig. 2.S2C,D).  Thus, FGF signaling is not sufficient to regulate 
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amhc or vmhc expression in the context of the atrium; its role in controlling the 

expression of amhc and vmhc seems to be restricted to the ventricle. 

The complementary loss of vmhc expression and gain of amhc 

expression in the ventricle of Tg(hsp70:dnfgfr1) embryos led us to wonder 

whether these reciprocal changes take place in the same cells.  To investigate 

this, we examined the dynamics of Amhc and Vmhc protein localization.  As 

expected, we found only Vmhc, and not Amhc, throughout the ventricle in 

control embryos at all stages examined (Fig. 2.S3).  When FGF signaling is 

reduced, the ventricle similarly contains Vmhc alone at 26 hpf (Fig. 2.5A).  

However, at 28 hpf, Amhc is detectable within Vmhc+ cells located along the 

length of the inner curvature (Fig. 2.5B).  As development proceeds, 

Vmhc+Amhc+ cells become increasingly prevalent within the ventricle (Fig. 

2.5C), and these cells seem to exhibit heightened levels of Amhc (Fig. 2.5D).  

The observed patterns of amhc and vmhc expression (Fig. 2.4) and 

Amhc and Vmhc localization (Fig. 2.5) point to gradual changes in the traits of 

ventricular cardiomyocytes following the loss of FGF signaling.  Our results are 

consistent with a scenario in which FGF signaling promotes the maintenance 

of ventricular characteristics, such that reduced signaling causes resident 

ventricular cells to activate expression of amhc and to lose expression of 

vmhc.  Downregulation of vmhc is more clearly illustrated through examination 

of transcripts (Fig. 2.4I-P), whereas perdurance of Vmhc protein is likely to 

explain the persistence of Vmhc+Amhc+ cells (Fig. 2.5C,D).  In particular, 



	  

	  

48 

ventricular cardiomyocytes at the inner curvature and the arterial pole are most 

vulnerable.  Altogether, our data suggest that sustained FGF signaling acts to 

reinforce the assignment of ventricular identity, both by repressing expression 

of atrial genes and by promoting expression of ventricular genes. However, 

these results do not rule out other possible mechanisms through which FGF 

signaling could prevent the appearance of ectopic amhc-expressing cells.   

 

Ectopic amhc-expressing cells are not derived from the atrium 

Even though our data are consistent with a requirement for FGF 

signaling in maintenance of ventricular identity, the proximity of some ectopic 

amhc-expressing cells to the atrium provoked us to question whether any of 

these cells are derived from atrial cardiomyocytes or from the atrioventricular 

canal (AVC).  Prior studies have demonstrated that injury of the larval ventricle 

can cause atrial cardiomyocytes to transdifferentiate into ventricular 

cardiomoycytes in order to replenish the injured ventricle (Zhang et al., 2013).  

To test the possibility that a similar mechanism recruits cells from the atrium 

into the ventricle when FGF signaling is inhibited, we generated transgenic 

lines carrying a photoconvertible reporter, Tg(amhc:dendra) (Fig. 2.S4), that 

expresses the fluorescent protein Dendra under the control of a previously 

characterized amhc promoter (Zhang et al., 2013).  This transgene allows us 

to label amhc-expressing cells in the heart and track them over time. 
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To analyze whether ectopic amhc-expressing cells in the ventricle 

originate from the atrium or AVC, we exposed Tg(amhc:dendra) embryos to 

SU5402 at 18 hpf, photoconverted them at 26 hpf, and evaluated the 

fluorescence of the ectopic cells at 48 hpf (Fig. 2.6).  We chose to perform 

photoconversion at 26 hpf since the ventricle of SU5402-treated embryos is 

typically devoid of amhc expression at this stage (Fig. 2.S4C,D); moreover, 

Dendra fluorescence in Tg(amhc:dendra) embryos is robust enough at 26 hpf 

to insure successful detection of its photoconverted red form at the 

experimental endpoint (Fig. 2.S4A,B).  In DMSO-treated control embryos, 

Dendra was found only in the atrium, and atrial cells exhibited both green and 

red fluorescence (Fig. 2.6A-D).  In contrast, SU5402-treated embryos 

contained Dendra both in the atrium and in groups of ectopic cells within the 

ventricle (Fig. 2.6E-L).  In all of the SU5402-treated embryos examined (n=15), 

we identified Dendra+ cells in the ventricular inner curvature or at the arterial 

pole that displayed green, but not red, fluorescence, indicating that these cells 

were not expressing amhc at the time of photoconversion.  In the majority of 

these embryos (n=10/15), all of the Dendra+ cells in the inner curvature and at 

the arterial pole exhibited only green fluorescence (Fig. 2.6E-L).  However, a 

few embryos (n=5/15) also contained 1-3 doubly fluorescent Dendra+ cells 

among their green-only Dendra+ cells; these rare examples likely represent 

cases in which a small number of cells had already initiated ectopic amhc 

expression at the time of photoconversion.  Altogether, our data indicate that 
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the vast majority of the amhc-expressing ventricular cells induced by loss of 

FGF signaling are not derived from amhc-expressing cells in the atrium or 

AVC.  

 

FGF signaling is required to establish ventricular identity in late-

differentiating cardiomyocytes 

Our data suggest that inhibition of FGF signaling causes inappropriate 

initiation of amhc expression in resident ventricular cardiomyocytes; however, 

this may not be the singular source of ectopic amhc-expressing cells when 

FGF signaling is reduced.  Since some of the ectopic amhc-expressing cells 

found at the arterial pole in nkx2.5 mutants are late-differentiating 

cardiomyocytes derived from second heart field (SHF) progenitor cells 

(George et al., 2015), we investigated whether FGF signaling influences the 

establishment of ventricular identity in this population.   

First, we examined whether SHF-derived progenitors of late-

differentiating cardiomyocytes were present in embryos subjected to our 

experimental conditions.  Prior studies have shown that strong inhibition of 

FGF signaling beginning at 24 hpf can nearly eliminate the formation of 

mef2cb-expressing SHF-derived progenitor cells (Lazic and Scott, 2011; Zeng 

and Yelon, 2014).  However, our strategies for a more modest reduction of 

FGF signaling at 18 hpf, either by heat shock of Tg(hsp70:dnfgfr1) embryos 

(Fig. 2.7A,B) or by exposure to SU5402 (data not shown), do not affect 
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mef2cb expression in the SHF-derived progenitor population.  In addition, as in 

control embryos (Fig. 2.7C-F), SHF-derived progenitors go on to contribute 

cardiomyocytes to the arterial pole in Tg(hsp70:dnfgfr1) embryos (Fig. 2.7G-J), 

as shown by a developmental timing assay that can distinguish early-

differentiating from late-differentiating cardiomyocytes (de Pater et al., 2009).  

To test whether ectopic amhc-expressing cells represent early-

differentiating or late-differentiating cardiomyocytes, we performed an adapted 

developmental timing assay that employs the transgenes Tg(myl7:dsredt4) 

and Tg(amhc:egfp).  In control embryos at 48 hpf, eGFP is found only in the 

atrium, and DsRed is found in early-differentiating, but not late-differentiating, 

cardiomyocytes (Fig. 2.8A-D).  In contrast, when FGF signaling is reduced, 

eGFP is found both in the atrium and ectopically in the ventricle (Fig. 2.8E-L).  

In all of these embryos (n=10), the ventricle contained eGFP+DsRed+ 

cardiomyocytes (Fig. 2.8E-L), which we categorized as early-differentiating.  

Additionally, in the majority of these embryos (n=7/10), some of the eGFP+ 

ventricular cells lacked DsRed and were therefore categorized as late-

differentiating.   

Synthesizing all of our data, we propose that the ectopic amhc-

expressing cells observed in embryos with reduced FGF signaling include both 

early-differentiating and late-differentiating cardiomyocytes. Although we lack 

molecular markers to definitively distinguish between early-differentiating and 

late-differentiating cells, the locations of the observed ectopic cells are 
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consistent with membership in each of these populations.  Late-differentiating 

cardiomyocytes populate the arterial pole (de Pater et al., 2009; Hami et al., 

2011; Lazic and Scott, 2011; Zhou et al., 2011), whereas early-differentiating 

cells construct the inner curvature (de Pater et al., 2009; Zhou et al., 2011), 

and we routinely found ectopic amhc expression in each of these areas (e.g. 

Fig. 2.8E-L).  We also found ectopic amhc-expressing cells in the proximal 

portion of the ventricle (e.g. Fig. 2.8E), another early-differentiating territory (de 

Pater et al., 2009), particularly in a separate set of experiments in which we 

mosaically expressed the dnfgfr1-egfp construct in clusters of ventricular 

cardiomyocytes (Fig. 2.8M-P; n=3).  In all three mosaics examined, we found 

dnfgfr1-expressing Amhc+ cells located in the proximal ventricle (Fig. 2.8M-P).  

The gradual appearance of ectopic cells also fits with the established timing 

for the phases of ventricular differentiation: in embryos with reduced FGF 

signaling, we could first detect ectopic Amhc within Vmhc+ cells as early as 28 

hpf (e.g. Fig. 2.5B), whereas more ectopic cells appeared at the arterial pole 

after 30 hpf (e.g. Fig. 2.5C,D), when late-differentiating cells are typically 

added to the ventricle (Lazic and Scott, 2011).  Taken together, our results 

suggest that FGF signaling plays related roles in both populations of 

ventricular cardiomyocytes: FGF signaling maintains ventricular characteristics 

and represses atrial traits in early-differentiating cells, whereas in late-

differentiating cells, it establishes ventricular identity and prevents acquisition 

of atrial characteristics.  
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FGF signaling functions upstream of nkx genes to repress ectopic amhc 

expression 

The phenotypic similarity between embryos with reduced FGF signaling 

and those deficient in Nkx transcription factors (George et al., 2015; Targoff et 

al., 2013) prompted us to investigate whether FGF signaling and nkx genes 

operate in the same pathway to maintain ventricular identity.  First, we 

examined the expression of nkx2.5 and nkx2.7 in embryos with reduced FGF 

signaling.  In contrast to control siblings, cardiac expression of nkx2.5 and 

nkx2.7 was reduced in Tg(hsp70:dnfgfr1) embryos following heat shock at 18 

hpf (Fig. 2.9A-D).  As nkx2.5 and nkx2.7 expression are established prior to 18 

hpf (Peterkin et al., 2007; Reifers et al., 2000), these results suggest that FGF 

signaling is required to maintain expression of nkx genes.   

To test the hypothesis that FGF signaling functions upstream of nkx 

genes to prevent ectopic expression of amhc in the ventricle, we examined 

whether overexpression of nkx2.5 can inhibit the formation of ectopic amhc-

expressing cells in embryos with reduced FGF signaling.  We employed a 

previously characterized transgene, Tg(hsp70l:nkx2.5-EGFP) (hereafter 

referred to as Tg(hsp70:nkx2.5)) (George et al., 2015), to induce nkx2.5 

expression.  Using this transgene, overexpression of nkx2.5 has been shown 

to rescue the defects in chamber proportionality and repress ectopic amhc 

expression in nkx2.5 mutants (George et al., 2015).  In our experiments, 

Tg(hsp70:nkx2.5) embryos were treated with SU5402 from 18 hpf and 
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subsequently heat shocked at 24 hpf.  We found that 84% of nontransgenic 

embryos treated with SU5402 had ectopic amhc-expressing cells, whereas 

only 64% of Tg(hsp70:nkx2.5) embryos exhibited any ectopic amhc 

expression (Fig. 2.9E-H).  This improvement in the frequency of detecting 

ectopic amhc expression, while modest, is statistically significant (P=0.0019, 

Fisher’s exact test) and seems to represent a partial rescue of the phenotype 

produced by inhibition of FGF signaling.  Therefore, our results suggest that 

FGF signaling is likely acting upstream of nkx2.5 in a pathway that acts to 

establish and maintain ventricular identity.  
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DISCUSSION 

Taken together, our data demonstrate that the FGF signaling pathway 

plays a crucial role in defining the characteristics of the developing ventricle.  

We propose a model in which FGF signaling has a potent influence on the 

identities of two distinct populations within the ventricular chamber.  In early-

differentiating cardiomyocytes, sustained FGF signaling is required to maintain 

ventricular identity even after the onset of differentiation.  In late-differentiating 

cardiomyocytes, FGF signaling is required to assign ventricular identity as 

these cells are appended to the arterial pole of the heart tube.   

Our data provide a new level of resolution regarding the establishment 

and maintenance of ventricular chamber identity.  Our prior studies have 

illustrated that the initial fate assignment of ventricular cardiomyocytes needs 

to be actively maintained, and that failure to do so results in downregulation of 

ventricular genes and inappropriate upregulation of atrial genes within the 

ventricle (Targoff et al., 2013).  Our observation that maintenance of 

ventricular identity depends upon FGF signaling until 29 hpf may reflect a 

transition of this population from possessing plasticity to being committed to a 

ventricular fate.  Similarly, a recent study in Xenopus suggests that ventricular 

fate can be specified over a relatively broad time window, that ventricular 

differentiation needs to be actively maintained, and that the responsiveness of 

ventricular precursors to respond to inductive signals is gradually lost over 

time (Caporilli and Latinkic, 2016).   
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It is intriguing to note that distinct regions within the ventricle seem to 

be differentially susceptible to the loss of FGF signaling.  For example, why 

are ectopic amhc-expressing cells frequently found in the inner curvature, 

rather than in the outer curvature, of the ventricle?  Perhaps the spatial 

distribution of ectopic amhc-expressing cells reflects heterogeneity in the 

differentiation status of cells within the ventricle, such that the least mature 

cells are the most affected by loss of FGF signaling.  Related to this idea, the 

organization of ectopic amhc-expressing cells could also be a consequence of 

regional differences in gene expression within the ventricle (Jensen et al., 

2013).  For example, expression of Tbx2 and Tbx3 is restricted to regions 

including the inner curvature, AVC, OFT, and inflow tract in many species (Chi 

et al., 2008; Habets et al., 2002; Jensen et al., 2013; Yamada et al., 2000), 

whereas Cx40 and Anf are expressed in the outer curvature (Habets et al., 

2002; Jensen et al., 2013).  The distribution of ectopic cells may therefore 

echo the interactions between the FGF signaling pathway and these distinct 

gene expression programs.  Altogether, our work provides insight into the 

heterogeneity of ventricular cardiomoycytes.   

Our data also add a new facet to our understanding of SHF 

development. In zebrafish, prior studies of the SHF have focused on the 

factors that regulate the production of SHF-derived progenitor cells (Zeng and 

Yelon, 2014; Zhou et al., 2011) or that regulate the timing of their 

differentiation (de Pater et al., 2009; Lazic and Scott, 2011; Mosimann et al., 
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2015).  In other species, several signaling pathways have been shown to 

affect the proliferation or differentiation of SHF-derived progenitor cells (Dyer 

and Kirby, 2009; Ilagan et al., 2006; Park et al., 2006; Tirosh-Finkel et al., 

2010), but the pathways that regulate the acquisition of the appropriate 

chamber-specific characteristics in these late-differentiating cells have not 

been characterized.  Strikingly, our work on FGF signaling provides the first 

demonstration of a pathway that plays a key role in establishing ventricular 

identity in late-differentiating cardiomyocytes.  Previous studies in zebrafish, 

from our lab and others, have demonstrated that strong inhibition of FGF 

signaling diminishes the formation of the SHF progenitor population (Lazic and 

Scott, 2011; Zeng and Yelon, 2014).  Here, by employing relatively mild 

inhibition of FGF signaling, we were able to gain insight into this previously 

unappreciated function of the FGF signaling pathway.  As FGF signaling 

impacts multiple aspects of heart development, it is possible that loss of 

function studies in other model organisms have not permitted examination of 

this particular role of FGF, as they may have been obscured by phenotypes 

emerging at earlier stages.   

Our findings regarding the function of FGF signaling in both early-

differentiating and late-differentiating ventricular cardiomyocytes echo what 

has previously been observed in zebrafish nkx-deficient embryos (George et 

al., 2015; Targoff et al., 2013).  Moreover, our data suggest that FGF signaling 

acts through nkx2.5 to execute its function in repressing ectopic amhc 
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expression.  Although we observed a statistically significant improvement in 

SU5402-treated embryos upon overexpression of nkx2.5, this result 

represents only a partial rescue of the ectopic amhc phenotype.  We propose 

several possible explanations for this outcome.  One possibility is that we are 

failing to induce the level of nkx2.5 expression that is required for thorough 

repression of ectopic amhc.  Alternatively, both nkx2.5 and nkx2.7 may be 

required to repress ectopic amhc.  Since these two genes are not entirely 

redundant in function (George et al., 2015), overexpression of nkx2.5 may not 

be able compensate for reduced activity of both of these transcription factors.  

Lastly, FGF signaling may act through additional downstream effector genes, 

beyond nkx2.5 and nkx2.7, to maintain ventricular identity and repress ectopic 

amhc.  Identification of these putative effectors of FGF pathway function will be 

an important future endeavor. 

What other molecular changes might affect the relative plasticity or 

commitment of ventricular cardiomyocytes?  Several studies have indicated 

that chromatin structure, particularly the epigenetic state of enhancers, 

controls the competence to respond to inductive cues that promote 

differentiation (Creyghton et al., 2010; Shchuka et al., 2015; Wang et al., 

2015).  A recent study illustrated that the activation of enhancers is a 

sequential process: first, enhancers are poised in lineage intermediates, and, 

second, in the presence of inductive cues, the preselected enhancers are 

activated.  This recruits lineage-specific transcription factors to these marked 
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sites and allows transcription of lineage-oriented genes (Wang et al., 2015).  

Furthermore, histone enrichments are dynamic and are depleted when the 

signal is taken away (Ostuni et al., 2013).  We speculate that epigenetic 

enrichments at vmhc and amhc loci in ventricular cardiomyocytes are 

dependent on FGF signaling during their window of plasticity.  Moving forward, 

it will be interesting to compare the epigenetic landscape of a variety of 

ventricular and atrial genes in ventricular cardiomyocytes before and after 29 

hpf. 

Over the long term, understanding how cardiac chamber proportions 

are maintained and how chamber-specific programs are preserved may 

provide insight into congenital disorders such as Ebstein’s anomaly.  Ebstein’s 

anomaly is typically characterized by displacement of the tricuspid valve and 

atrialization of the ventricle (Jost et al., 2007), and the genetic basis for this 

disorder is not yet fully understood.  We speculate that ectopic expression of 

atrial genes and failure to maintain ventricular characteristics could potentially 

yield a disproportionately sized atrium or an atrialized ventricle.  The genetic 

basis for occurrence of Ebstein’s anomaly is not yet fully understood.  

Interestingly, Ebstein’s anomaly has been recognized in patients with 

mutations in NKX2-5 (Benson et al., 1999; Gioli-Pereira et al., 2010); perhaps 

mutations in genes encoding components and targets of the FGF signaling 

pathway could also contribute to the etiology of this condition.  These will be 

promising avenues for future pursuit; furthermore, a deeper understanding of 
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the downstream prongs of the FGF signaling pathway in this context will be 

important for understanding and harnessing ventricular plasticity for 

applications in regenerative medicine. 
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Figure 2.1. Inhibition of FGF signaling results in ectopic amhc 
expression in the ventricle.   
(A-D) In situ hybridization depicts amhc expression in frontal views of wild-type 
(A), fgf8a mutant (B), Tg(hsp70:dnfgfr1) (C), and SU5402-treated (D) embryos 
at 48 hpf.  In contrast to wild-type (A), fgf8a mutants express amhc not only in 
the atrium but also in a small cluster of cells in the ventricle (B, arrowhead 
points to a group of 6 cells, n=32/46 fgf8a mutants).  Ectopic amhc can be 
induced in Tg(hsp70:dnfgfr1) embryos following heat shock at 18 hpf (C, 
n=15/15).  Typically 20-30 amhc-expressing cells are seen along the inner 
curvature (arrow) and at the arterial pole (arrowhead) of the ventricle (C).  A 
similar number of ectopic amhc-expressing cells can be induced by exposure 
to SU5402 starting at 18 hpf  (D, arrowhead, n=15/15).  
(E-H) Immunofluorescence with MF20 (marks the myocardium; red) and S46 
(recognizes Amhc; green) shows cardiac morphology and Amhc localization at 
48 hpf; lateral views, anterior to the left.  In contrast to wild-type (E), hearts of 
fgf8a mutants (F), Tg(hsp70:dnfgfr1)-expressing embryos (G), and SU5402-
treated embryos (H) exhibit ectopic Amhc in the ventricle (arrowheads) (n>10 
each).  Loss of FGF signaling at 18 hpf (G and H) also affects chamber 
proportions; the ventricle appears reduced while the atrium seems expanded.  
We see comparable results in Tg(hsp70:dnfgfr1) embryos following heat shock 
at 18 hpf (G) and in embryos treated with SU5402 from 18-30 hpf.   
Scale bars: 50 μm. 
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Figure 2.2. Defining a time interval during which FGF signaling prevents 
ectopic amhc expression   
(A-C) In situ hybridization depicts amhc expression in frontal views of 
nontransgenic (A) and Tg(hsp70:dnfgfr1) (B and C) embryos at 50 hpf.  Heat 
shock at 24 hpf (A,B) induces ectopic amhc-expressing cells in nearly all 
Tg(hsp70:dnfgfr1) embryos (B, n=22/24), whereas ectopic cells are induced 
less frequently with heat shock at 28 hpf (C, n=6/36).  Heat shock at 24 hpf 
typically gives rise to 5-10 ectopic cells (B, arrowhead), whereas just 2-3 cells 
are produced with heat shock at 28 hpf (C, arrowhead).   
(D-F) Immunofluorescence, as in Fig. 2.1E-H, at 50 hpf; images are three-
dimensional reconstructions.  While Tg(hsp70:dnfgfr1) embryos heat shocked 
at 18 hpf (Fig. 2.1C,G) typically display ectopic cells at the inner curvature and 
arterial pole of the ventricle, Tg(hsp70:dnfgfr1) embryos heat shocked at 24 
(B,E) and 28 hpf (C,F) frequently exhibit ectopic cells only at the arterial pole 
(arrowheads) (n=15 per condition for nontransgenic, n=10 per condition for 
Tg(hsp70:dnfgfr1)).   
Scale bars: 50 μm. 
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Figure 2.3. Progressive accumulation of Amhc+ cells and decrease in 
Amhc- cells in embryos with reduced FGF signaling.   
(A-F) Immunofluorescence for Amhc (green) and mCherry (red) facilitates 
counting of Amhc+ and Amhc- cardiomyocytes in nontransgenic (A,C,E) and 
Tg(hsp70:dnfgfr1) embryos (B,D,F) carrying Tg(myl7:H2A-mCherry).  Images 
are three-dimensional reconstructions at 26.5 (A,B), 36 (C,D), and 50 hpf 
(E,F); lateral views, anterior to the left.  Heat-induced expression of dnfgfr1 at 
18 hpf results in a gradual shift in chamber proportions that leads to an 
enlarged atrium and a reduced ventricle.  In addition, there is a visible 
increase in the presence of Amhc+ cells within the ventricle over time.   
(G) Bar graphs indicate numbers of Amhc+ (grey) and Amhc- (white) 
cardiomyocytes, as well as the total number of cardiomyocytes (mean+s.d.); 
asterisks indicate statistically significant differences from nontransgenic 
(p<0.05).  Cell counts reveal a gradual increase in numbers of Amhc+ cells and 
a corresponding decrease in numbers of Amhc- cells in hearts of 
Tg(hsp70:dnfgfr1) embryos (26.5 hpf: n=8 for nontransgenic, n=6 for 
Tg(hsp70:dnfgfr1); 36 hpf: n=11 for nontransgenic, n=9 for Tg(hsp70:dnfgfr1); 
50 hpf: n=8 for nontransgenic, n=12 for Tg(hsp70:dnfgfr1)). 
Scale bars: 50 μm. 
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Figure 2.4. Increased expression of amhc and reduced expression of 
vmhc in the ventricle of embryos with reduced FGF signaling.   
(A-P) In situ hybridization depicts amhc (A-H) and vmhc (I-P) expression in 
dorsal (A,E,I,M) and frontal (B-D,F-H,J-L,N-P) views, anterior to the top; all 
embryos were heat shocked at 18 hpf.   
(A-H) In contrast to nontransgenic embryos (A-D), Tg(hsp70:dnfgfr1) embryos 
(E-H) fail to restrict amhc to the atrium (n>10 each).  (E) At 26.5 hpf, ectopic 
amhc-expressing cells can be seen infringing the boundary between the 
atrium and the ventricle.  (F) By 29.5 hpf, amhc levels in ectopic cells are 
upregulated (arrowhead).  (G,H) A prominent population of ectopic cells is 
found at the inner curvature and arterial pole of the ventricle (arrowhead).   
(I-P) While vmhc is robustly expressed in the ventricle of nontransgenic 
embryos (I-L), this expression pattern is disrupted in Tg(hsp70:dnfgfr1) 
embryos (M-P) (n>10 each).  (M,N) At early stages, Tg(hsp70:dnfgfr1) 
embryos display lower levels of vmhc expression in regions adjacent to the 
atrium.  (O,P) As development proceeds, vmhc levels at the arterial pole 
become particularly reduced or completely absent (arrowheads); moreover, 
the vmhc expression pattern appears reciprocal to that of ectopic amhc in the 
ventricle. 
Scale bars: 50 μm. 
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Figure 2.5. Vmhc and Amhc colocalize in ventricular cells when FGF 
signaling is inhibited. 
(A-D) Immunofluorescence depicts Vmhc (red) and Amhc (green) localization 
in embryos treated with SU5402 from 18 hpf.  Images are three-dimensional 
reconstructions (A-D) or magnified single optical sections, showing both 
channels (A'-D'), green only (A''-D''), or red only (A'''-D'''); lateral views, anterior 
to the left.  (A) At 26 hpf, the SU5402-treated ventricle contains only Vmhc 
(n=10).  (B) By 28 hpf, Amhc is evident within some Vmhc+ cells, particularly 
along the inner curvature (arrowheads; n=9).  (C) By 32 hpf, increasing 
numbers of Amhc+Vmhc+ cells are visible within the ventricle (arrowheads; 
n=11).  (D) By 48 hpf, higher levels of Amhc accumulate in these ectopic cells 
(arrowhead), in concert with diminishing levels of Vmhc (n=9). 
Scale bars: 50 μm. 
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Figure 2.6. Ectopic amhc-expressing cells are not derived from the 
atrium or AVC.    
(A-L) Dendra fluorescence in live DMSO (A-D) and SU5402-treated (E-L) 
Tg(amhc:dendra) embryos at 48 hpf.  Images are three-dimensional 
reconstructions (A-C,E-G,I-K) or single optical sections (D,H,L); lateral views, 
anterior to the right.  (D,H,L) Overlays illustrate location of Dendra+ cells within 
the heart; ventricle is outlined in blue dots. 
(A-D) In DMSO-treated controls, Dendra is found only in the atrium and AVC.  
Both green and red forms of Dendra are visible, as illustrated in single channel 
and merged views (n=10).  
(E-L) SU5402-treated embryos exhibit Dendra+ cells in the ventricle, both 
close to the AVC (arrows) and in distinct clusters at the arterial pole and inner 
curvature (arrowheads).  Cells at the arterial pole and inner curvature 
fluoresce green, but not red (arrowheads; n=15).  
Scale bars: 50 μm (A-D,I-L); 100 μm (E-H). 
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Figure 2.7. Late-differentiating cardiomyocytes contribute to the heart 
after inhibition of FGF signaling. 
(A-B) MF20 immunofluorescence and mef2cb in situ hybridization (green) at 
30 hpf, after heat shock at 18 hpf; lateral views, anterior to the left.  mef2cb 
(green, arrowheads) is expressed in SHF-derived, late-differentiating 
progenitors residing next to the differentiated myocardium (red) in both 
nontransgenic (A, n=8) and Tg(hsp70:dnfgfr1) (B, n=8) embryos. 
(C-H) Three-dimensional reconstructions (C,G) and single optical sections (D-
F,H-J) of embryos carrying Tg(myl7:egfp) and Tg(myl7:dsredt4) at 40 hpf, after 
heat shock at 18 hpf; lateral views, anterior to the left.  Transgene expression 
distinguishes early-differentiating cardiomyocytes (eGFP+dsRed+) from late-
differentiating cardiomyocytes (eGFP+dsRed-, dotted outlines).  As in 
nontransgenic embryos (C-F, n=6), late-differentiating cardiomyocytes 
(eGFP+dsRed-, dotted outlines), also contribute to the arterial pole (brackets) 
in Tg(hsp70:dnfgfr1) embryos (G-J, n=8).  
Scale bars: 50 μm (A-B); 30 μm (C-J). 
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Figure 2.8. FGF signaling influences the identity of both early-
differentiating and late-differentiating ventricular cardiomyocytes. 
(A-L) Three-dimensional reconstructions (A,E,I) and single optical sections (B-
D,F-H,J-L) of Tg(amhc:egfp);Tg(myl7:dsredt4) embryos at 48 hpf, after 
exposure to DMSO (A-D) or SU5402 (E-L) from 18 hpf; lateral views, anterior 
to the left.   
(A-D) As expected, control embryos display eGFP in the atrium and not in the 
ventricle, and the arterial pole (bracket) is composed of late-differentiating 
cardiomyocytes (dsRed-) (n=5).   
(E-L) In SU5402-treated embryos, eGFP is routinely found in the ventricle 
(n=10).  Two representative embryos (E-H, I-L) illustrate detection of eGFP 
both in early-differentiating cardiomyocytes (arrows, eGFP+dsRed+; n=10/10) 
and in late-differentiating cardiomyocytes (arrowheads, eGFP+dsRed-; n=7/10).   
(M-P) Immunofluorescence for MF20 (magenta), GFP (green), and Amhc (red) 
at 48 hpf indicates mosaic expression of dnfgfr1-egfp in the ventricle of an 
embryo that was injected with the Tg(hsp70:dnfgfr1) construct and then heat 
shocked at 18 hpf.  Three-dimensional reconstruction (M) and single optical 
sections (N-P); lateral views, anterior to the left.  The dnfgfr1-egfp-expressing 
cells exhibit variegated levels of Amhc (P).   
Scale bars: 30 μm. 
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Figure 2.9. FGF signaling functions upstream of nkx genes to repress 
amhc expression in the ventricle. 
(A-D) In situ hybridization depicts nkx2.5 (A,B) and nkx2.7 (C,D) expression at 
26.5 hpf, following heat shock at 18 hpf; dorsal views, anterior to the top.  
Nontransgenic embryos (A,C) express nkx2.5 (n=24) and nkx2.7 (n=12) 
throughout the heart tube.  In contrast, Tg(hsp70:dnfgfr1) embryos (B,D) 
express lower levels of nkx2.5 (n=24) and nkx2.7 (n=12).   
(E-G) In situ hybridization depicts amhc expression at 48 hpf in nontransgenic 
(F) and Tg(hsp70:nkx2.5) (E,G) embryos treated with DMSO (E) or SU5402 
(F,G); frontal views.  In some cases (G), overexpression of nkx2.5 represses 
ectopic amhc expression in Tg(hsp70:nkx2.5) embryos that were treated with 
SU5402 at 18 hpf and subsequently heat shocked at 24 hpf.   
(H) Table reports the results of experiments gauging whether amhc expression 
in the ventricle of SU5402-treated embryos can be repressed by 
overexpression of nkx2.5.  Asterisk indicates statistically significant difference 
in frequency of detecting ectopic amhc expression, compared to 
nontransgenic siblings (P=0.0019, Fisher’s exact test) 
Scale bars: 50 μm. 
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Figure 2.S1. vmhc and amhc expression distinguish subsets of 
cardiomyocytes by 18 hpf. 
(A-I) In situ hybridization depicts expression of myl7 (A,D,G), vmhc (B,E,H), 
and amhc (C,F,I) from 14-20 hpf in wild-type embryos; dorsal views, anterior to 
the top. myl7 is expressed in all differentiated cardiomyocytes (Yelon et al., 
1999).  At 14 hpf, a subset of myl7-expressing cells express vmhc (B) and 
amhc is not yet expressed (C) (Yelon et al., 1999).  By 18 hpf, cardiac fusion is 
underway, and vmhc (E) and amhc (F) are expressed in relatively medial and 
lateral populations of cardiomyocytes, corresponding to the locations of 
ventricular and atrial precursors (Schoenebeck et al., 2007).  By 20 hpf, 
cardiomyocytes fuse at the midline to form a cardiac cone (Yelon et al., 1999), 
and vmhc (H) and amhc (I) expression distinguish relatively central and 
peripheral populations of ventricular and atrial cardiomyocytes (Berdougo et 
al., 2003). (n=10 each condition) 
Scale bars: 50 μm. 
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Figure 2.S2. Distribution of amhc and vmhc expression is unaffected by 
increased FGF signaling. 
(A-D) In situ hybridization depicts frontal views of amhc (A,B) and vmhc (C,D) 
expression at 50 hpf, following heat shock at 18 hpf.  Nontransgenic embryos 
(A,C) show stereotypical expression patterns of amhc and vmhc (n=10).  
Increased FGF signaling in Tg(hsp70l:ca-fgfr1) embryos (B,D) results in slight 
morphological changes, consistent with prior observations (Marques et al., 
2008).  However, increased FGF signaling does not repress amhc in the 
atrium or result in ectopic vmhc expression (n=10).  
Scale bars: 50 μm. 
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Figure 2.S3. Vmhc antibody marks expected locations of vmhc 
expression within the heart. 
(A-D) Immunofluorescence depicts Vmhc (red) and Amhc (green) localization 
in embryos treated with DMSO at 18 hpf.  Images are three-dimensional 
reconstructions at 26-48 hpf; lateral views, anterior to the left, showing both 
channels (A-D), green only (A'-D'), or red only (A''-D'').  The Vmhc antibody 
marks the expected locations of vmhc expression within the heart; it 
recapitulates expression of the reporter transgene Tg(vmhc:mCherry-NTR) 
(Zhang et al., 2013) and expression of vmhc expression itself (Fig. 2.4I-L).  
Vmhc is robustly detected in the ventricle, with low levels in the atrium that 
become more restricted over time, as is seen for expression of vmhc (Fig. 
2.4I-L) (Yelon et al., 1999).  The ventricle is devoid of Amhc at all stages of 
development (n=10 for 26.5 hpf; n=8 for 28 hpf; n=8 for 32 hpf; n=8 for 48 hpf).   
Scale bars: 50 μm. 
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Figure 2.S4. Tg(amhc:dendra) allows tracking of amhc-expressing cells. 
(A,B) Tg(amhc:dendra) hearts before (A) and after (B) photoconversion at 26 
hpf; lateral views, anterior to the left. Tg(amhc:dendra) expression 
recapitulates the expression of the reporter transgene Tg(amhc:eGFP) (Zhang 
et al., 2013) and the expression of amhc itself (Fig. 2.4A-H): it is expressed 
throughout the atrium.  Upon photoconversion, Dendra fluorescence is 
converted from green to red.  Photoconversion at 26 hpf permits labeling of 
amhc-expressing cells throughout the atrium, and these photoconverted cells 
can then be detected at later stages (Fig. 2.6).   
(C,D) In situ hybridization depicts amhc expression in DMSO and SU5402-
treated embryos at 26 hpf; dorsal views, anterior up.  (D) At 26 hpf, amhc 
expression in SU5402-treated embryos (D) is limited to the atrium; ectopic 
amhc-expressing cells are not yet visible at this stage.  
(E) Timeline of experimental design.  Since amhc expression is found only in 
the atrium in SU5402-treated embryos at 26 hpf, photoconversion at this stage 
permits examination of whether the ectopic amhc-expressing cells that appear 
later are derived from within the atrium (or AVC). 
Scale bar: 50 μm.  
 

 

 

 

 

 



	  

	  

74 

ACKNOWLEDGEMENTS 

A modified version of Chapter 2 will be submitted for publication 

(Pradhan, Arjana; Targoff, Kimara; Chi, Neil; Yelon, Deborah. “FGF signaling 

enforces ventricular identity in the zebrafish heart”).  Arjana Pradhan designed 

and performed the experiments presented in Chapter 2.  Sara Marques and 

Xin-Xin Zeng made preliminary observations of ectopic amhc-expressing cells 

that inspired the direction of the studies presented in Chapter 2.  The amhc 

promoter used in Chapter 2 was characterized by Neil Chi.  The transgenic 

line Tg(hsp70l:nkx2.5-eGFP) used in Chapter 2 was created by Kimara 

Targoff, with assistance from Vanessa George. 

 



	  

	   75 
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SUMMARY 

Our data in Chapter 2 suggest a role for FGF signaling in maintenance 

of ventricular chamber identity; however, we suspect that some other signaling 

pathways influencing chamber identity are not yet known.  To that end, we 

carried out a zebrafish-based phenotypic screen to find small molecules that 

perturb atrial and ventricular gene expression.  As a secondary feature of the 

screen, we also documented compounds causing other varieties of cardiac 

phenotypes.  Using transgenic reporters of chamber-specific gene expression, 

we screened 455 small molecules and found 23 that resulted in cardiac 

phenotypes.  These phenotypes included the presence of ectopic amhc-

expressing cells, formation of a small heart, cardia bifida, and fragmentation of 

the ventricle.  Compounds with attractive cardiac phenotypes were tested in a 

secondary screen; unfortunately, the majority of the phenotypes were not 

reproducible.  Here, we present our findings and discuss two interesting 

compounds that were identified in this screen: 6-(4-nitropyrazolyl)-8-hydro-3-

pyrazolino[2,3-a]pyrimidin-2-one) and C22H24O4.  We did not have success 

in finding compounds that modulate atrial or ventricular identity.  We discuss 

possible reasons for this outcome and improvements that can be implemented 

for small molecule screening in the future. 
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INTRODUCTION 

The atrial and ventricular chambers of the heart behave as distinct 

functional subunits with unique cellular, molecular, and electrical properties 

(Hume and Uehara, 1985; Legato, 1973; McGrath and de Bold, 2009).  Atrial 

cardiomyocytes are smaller in shape, lack transverse tubules, and have 

shorter action potentials.  Ventricular cardiomyocytes are longer, have 

extensive networks of transverse tubules, and have longer action potentials.  

The underlying differences in gene expression between the chambers account 

for their structural and functional differences.  However, the complete network 

of signaling pathways promoting atrial and ventricular identities is not yet 

known.  

Our work in Chapter 2 demonstrated that FGF signaling promotes 

ventricular character, and we aim to build on this work by defining additional 

signaling pathways that regulate chamber identity, especially those that 

reinforce and maintain chamber character following the initial specification of 

chamber lineages.  However, it may be challenging to identify relevant 

pathways, especially since such pathways may also be employed during early 

stages of cardiac specification (Marques et al., 2008; Marques and Yelon, 

2009).  To study the impact of a particular pathway on chamber identity, it 

would be ideal to perturb pathway function at later developmental stages, 

similar to the stages during which we inhibited FGF signaling in our recent 

studies (Chapter 2).  For this reason, we believed that a small molecule screen 
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would be a promising approach for finding new pathways relevant to chamber 

identity. 

Zebrafish embryos are ideally suited for use in vivo chemical screens 

because of their small size, large number of progeny per clutch, and ex utero 

development.  Chemical screening in zebrafish has provided novel insights 

into biological pathways and has led to the discovery of new tools that can be 

used for further studies.  For example, chemical screens focused on the 

zebrafish retinal vasculature have led to the demonstration that inhibition of 

the PI3 kinase pathway prevents aberrant neovascularization, a pathology that 

leads to blindness (Alvarez et al., 2009; Kitambi et al., 2009). Compounds that 

are now used widely in research, like dorsomorphin (Yui et al., 2008), an 

inhibitor of BMP signaling, and BCI, an activator of FGF signaling (Molina et 

al., 2009) have been identified through chemical screens in zebrafish.  In 

addition, identification of dorsomorphin has provided insight into the role of 

BMP signaling in iron homeostasis (Yui et al., 2008).  One notable screen for 

compounds that modify hematopoietic stem cell (HSC) specification led to the 

discovery that Prostaglandin E2 serves as a potent regulator of HSC 

homeostasis (North et al., 2007).  Inspired by this study, a derivative of 

prostaglandin E2 is being developed clinically in hopes that it can improve the 

success of umbilical cord-derived HSC transplants into adult patients 

(Rennekamp and Peterson, 2015).  Hence, small molecules discovered 
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through screening in zebrafish benefit research and have potential therapeutic 

value. 

The success of a small molecule screen depends on several factors 

(Rennekamp and Peterson, 2015).  Phenotype-driven screens, which seek to 

identify compounds that generate or modify a phenotype of interest, seem to 

have higher rates of success than target-driven screens, which focus on 

finding compounds that modulate a known biological target.  Library selection 

also influences the success of a screen.  Selecting a library that includes 

compounds with structural diversity, low molecular weight, physical and 

chemical properties that facilitate absorption, and high bioavailability are likely 

to increase number of hits.  Libraries composed of bioactive compounds are 

commonly used, as there is usually some pre-existing information available 

regarding the pharmacological entities, which is advantageous when 

investigating the mechanism of action and biological pathway for a specific 

compound. 

In this study, our primary short-term goal was to screen for small 

molecule modulators of cardiac chamber identity, with the long-term goal of 

identifying pathways regulated by these compounds.  As a secondary feature 

of the screen, we were also able to screen for additional cardiac phenotypes of 

potential interest to the lab.   
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MATERIALS AND METHODS 

Zebrafish strains 

Embryos and adult fish were maintained and raised under standard 

laboratory conditions.  Carriers of the following transgenes lines were 

intercrossed to generate embryos expressing fluorescent chamber-specific 

reporters (Zhang et al., 2013): Tg(amhc:eGFP)s958 and Tg(vmhc:mCherry-

NTR)s957 

 

Small molecule screen 

Compounds from two libraries were screened: a library of ‘known 

bioactive’ compounds that was obtained from the Peterson lab 

(Massachusetts General Hospital) and the commercially available Timtec 

Actiprobe 10K library.   

To design our assay, we modified previously published protocols 

(Kaufman et al., 2009).  We screened 185 compounds from the list of ‘known 

bioactives’.  Individual compounds were arranged in 96-well plates and stored 

at -80 degrees C.  Stock plates were always placed in a dessicator for an hour 

and then centrifuged before removing any seal.  A 48-well plate was prepared 

by adding 150 uL of E3 embryo medium.  Compounds from the ‘known 

bioactive’ library were added to the 48-well plate for a final concentration of 16 

uM.  Embryos were raised at 28°C until 10 hpf, after which they were kept at 

room temperature overnight.  The next morning, embryos were manually 
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dechorionated and incubated at 28°C until they reached 18 hpf.  Eight 

embryos were added to each well of the 48-well plates.  

We tested 270 compounds from the TimTec library of synthetic ‘drug-

like’ molecules with high structural diversity.  Individual compounds were 

arranged in 96-well plates and each well contained 0.05 mg of a compound in 

50 uL of DMSO.  Plates were stored at -80 degrees C.  5 uL of compound was 

added to 145 uL of E3 embryo medium so that the final test concentration 

ranged from 16–50 uM.  For the TimTec library compounds, we made an 

additional modification to the protocol: embryos were added to test compounds 

at 15 hpf instead of 18 hpf.  Otherwise, the protocol described above was 

followed. 

Embryos were incubated at 28°C until they were imaged live between 

65 to 70 hpf.  Up to five embryos were imaged per treatment.  Compounds 

were considered for follow-up screening if three out of five embryos exhibited a 

specific phenotype.  Chemicals for secondary screening were purchased in 

larger quantity either from Timtec or other commercial suppliers based on their 

availability. 

 

Microscopy 

Images were captured using a Zeiss Axioplan microscope outfitted with 

a Zeiss Axiocam camera and processed using Zeiss Axiovision and Adobe 

Creative Suite software. 
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In situ hybridization 

We performed standard in situ hybridization as previously described 

(Thomas et al., 2008), using an established probe for vmhc (ZDB-GENE-

991123-5). 

  



	  

	  

83 

RESULTS 

We sought small molecule modulators of atrial and ventricular identity 

using an in vivo screening assay.  We used fluorescent reporters of chamber-

specific gene expression, Tg(amhc:eGFP);Tg(vmhc:mCherry-NTR), which 

label cells expressing amhc in green and cells expressing vmhc in mCherry 

(Zhang et al., 2013).  We anticipated that compounds modulating atrial and 

ventricular gene expression would lead to ectopic localization of GFP in the 

ventricle or mCherry in the atrium.  455 compounds were tested from our small 

molecule collection, which included bioactive molecules and a commercially 

available synthetic library.  Thus, our collection benefited from having both 

bioactive molecules with known effects on cardiovascular development and 

novel molecules with high structural diversity.   

In each round of screening, we added zebrafish embryos to 48-well 

plates, incubated them with individual compounds starting from either 15 or 18 

hours post fertilization (hpf), and assessed the resulting phenotypes between 

65-70 hpf.  The timing of treatment was chosen to screen for compounds that 

perturb chamber identity, which is initiated by at least 14 hpf for the ventricle 

and 18 hpf for the atrium.  By 65-70 hpf, the heart is looped with well-defined 

atrial and ventricular chambers that are easily accessible for live imaging.  We 

looked especially carefully for compounds that caused atrial and ventricular 

identity markers to be expressed ectopically, including compounds that shift 

atrial and ventricular proportions.  In addition, we took note of compounds that 
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produced cardiac phenotypes that would be of interest to the other lab 

members.  This included molecules affecting heart size, outflow tract 

formation, and cardiac fusion.  A compound was considered a hit if at least 3 

out of 5 treated embryos exhibited a specific phenotype.   

We screened 455 small molecules and found two particularly interesting 

hits.  One compound, indole-2-carboxylic acid, produced stringy hearts with 

ectopic atrial cells within the ventricle.  The second compound, C18H33NO4, 

resulted in hearts with a small ventricle and an expanded atrium.  In addition, 

we found twenty-one other compounds that produced potentially interesting 

cardiac phenotypes.  The spectrum of phenotypes included formation of a 

small heart, fragmentation of the ventricle, disorganization of the ventricular 

surface, and cardia bifida.  These results are outlined in Table 3.1. 

We conducted a secondary screen to test the reproducibility of the 

effects of indole-2-carboxylic acid and C18H33NO4, as well as seven other 

compounds with attractive cardiac phenotypes.  Similar to the criteria for our 

primary screen, a compound was determined to be reproducible if at least 3 

embryos displayed the phenotype.  We also noted the overall health of the 

embryo to evaluate whether each phenotype is specific or due to general 

toxicity.  Unfortunately, embryos treated with indole-2-carboxylic acid and 

C18H33NO4 appeared normal; atrial and ventricular genes were appropriately 

expressed and the proportions of the two chambers were normal.  Only two of 

the other seven compounds tested produced reproducible phenotypes (Table 
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3.1).  Results for these two compounds and their associated follow-up 

experiments are described below. 

One of the compounds we identified was 6-(4-nitropyrazolyl)-8-hydro-3-

pyrazolino[2,3-a]pyrimidin-2-one) (hereafter referred to as ST002304).  We 

were surprised to find that all five embryos treated with ST002304 presented a 

fragmented ventricle (Fig. 3.1A-C).  In contrast to wild-type embryos, which 

clearly display mCherry throughout a normally-sized ventricle, embryos treated 

with ST002304 either had an extremely small residual ventricle or no ventricle 

at all (Fig. 3.1A-C).  Instead, we observed mCherry+ cells scattered in the 

vicinity of the heart.  The atrial chamber was consistently unaffected.  In 

addition, we made an interesting observation: embryos carrying the transgene 

Tg(vmhc:mCherry-NTR) and treated with ST002304 exhibited fragmented 

ventricles, whereas nontransgenic siblings treated with ST002304 had normal 

ventricles.  We hypothesized that the ventricle-specific phenotype observed 

only in transgenic embryos is due to an interaction of ST002304 with 

Nitroreductase (NTR).  NTR is a bacterial enzyme that, when coupled with 

metronidazole (MTZ), can be used for targeted cell ablation (Curado et al., 

2008).  NTR breaks down the prodrug MTZ into a cytotoxic DNA cross-linking 

agent and selectively kills cells that express NTR.   

To eliminate the possibility that ST002304 disintegrates mCherry 

protein without affecting the ventricle, we compared vmhc expression in 

transgenic embryos treated with either DMSO or ST002304.  vmhc clearly 
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outlines the morphology of the ventricle in Tg(vmhc:mCherry-NTR) embryos 

treated with DMSO (Fig. 3.1D).  In contrast, we found speckled vmhc 

expression in Tg(vmhc:mCherry-NTR) embryos treated with ST002304 (Fig. 

3.1E).  Thus, treatment with ST002304 results in fragmentation of the ventricle 

in Tg(vmhc:mCherry-NTR) embryos, possibly through the interaction of 

ST002304 with NTR.  

To gather evidence for our hypothesis that ST002304 and MTZ work in 

a similar manner, we wanted to examine the dynamics of phenotype 

emergence upon treatment with ST002304.  To this end, we treated embryos 

with ST002304 and examined them at various developmental stages.  Initially, 

embryos treated with ST002304 exhibited a slower heart rate and showed 

evidenced of blood pooling (data not shown).  Subsequently, the surface of the 

ventricle appeared rough and disorganized (Fig. 3.1F,G).  This was followed 

by the ventricle fragmenting into clusters of cells by 48 hours after treatment 

(Fig. 3.1H,I).  While MTZ treatments generally result in scattering of ventricular 

cells and cell death by 24 hours after treatment (Curado et al., 2008; Zhang et 

al., 2013), we noticed that embryos had to be exposed to ST002304 for 

approximately twice the length of time before the phenotype became apparent.  

In addition, compared to 5-10 uM of MTZ that is typically used for cardiac 

ablation (Curado et al., 2008; Zhang et al., 2013), 50uM of ST002304 was 

required to induce the phenotype.  Hence, ST002304 treatments phenocopy 
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MTZ, but at relatively higher doses and requiring a greater length of time for 

phenotype induction. 

The second small molecule that produced a consistent and 

reproducible phenotype was C22H24O4.  Embryos treated with C22H24O4 

exhibited smaller hearts than those treated with DMSO.  We noticed a 

reduction in the size of both chambers (Fig. 3.2).  In addition, these embryos 

also displayed slightly dorsalized bodies.  Together, these phenotypes 

highlight the potential utility of C22H24O4 for studying the regulation of heart 

size. 
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DISCUSSION 

In this study, we performed a zebrafish-based in vivo small molecule 

screen in an effort to find compounds that perturb atrial or ventricular identity.  

While we were not successful in finding compounds that modulate chamber 

identity, we did identify two interesting small molecules that produce striking 

cardiac phenotypes. 

One of these compounds is ST002304.  Embryos treated with 

ST002304 displayed fragmented ventricles and we hypothesize that this is the 

consequence of an interaction of ST002304 with NTR expressed from the 

transgene Tg(vmhc:mCherry-NTR).  To determine whether ST002304 acts in 

a manner similar to MTZ, future studies could examine whether the 

fragmented ventricle in ST002304-treated embryos is induced by apoptotic cell 

death.  If we find that ventricular cells apoptose upon treatment with 

ST002304, it would be exciting to collaborate with chemists in order to 

examine if MTZ and ST002304 are metabolized similarly.  There is some 

structural similarity between these two compounds: for example, MTZ contains 

a nitro group that is bound to an imidazole ring, and ST002303 also contains a 

nitro group that is bound to a pyrazole ring.  We are excited at the prospect of 

having found ST002304, as it mimics the activity of MTZ and its potential utility 

to research and for therapeutic purposes.  

The second compound we identified is C22H24O4.  In future extensions 

of this work, it will be appealing to investigate the cellular basis for the smaller 
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heart phenotype observed in embryos treated with C22H24O4.  We would 

utilize the transgene Tg(myl7:H2A-mCherry) (Schumacher et al., 2013) to 

count cells in the heart in order to determine if reduced cell numbers account 

for undersized hearts.  If this is the case, we could look at how the phenotype 

progresses over time in an effort to determine whether C22H24O4 affects 

cardiac specification, differentiation, proliferation, or homeostasis. 

Furthermore, it would be interesting to look at whether contributions from late-

differentiating cardiomyocytes are affected in embryos exposed to C22H24O4.  

We could use developmental timing assays (de Pater et al., 2009) to monitor 

whether late-differentiating cardiomyocytes are added to arterial and venous 

poles of the heart.  Thus, elucidating the cellular basis of the phenotype and 

subsequently the mechanism of action of C22H24O4 may lead us to 

discovering a novel factor regulating heart size. 

We were not successful in fulfilling our primary objective of finding 

compounds that perturb chamber identities.  Perhaps we simply have not yet 

screened a large enough library of diverse compounds in order to reveal the 

small number of remaining relevant pathways.  An alternate explanation for 

this outcome is that our interpretations are limited by the readout used, which 

was focused on changes in expression of amhc and vmhc.  These myosins 

are generally considered to be convenient markers of atrial and ventricular 

cardiomyocytes; however, focusing on these two markers may have obscured 

us from seeing changes in other chamber-specific attributes.  Thus, it is 
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possible that some of the compounds did alter chamber identity, but these 

changes are not reflected by amhc and vmhc.  Perhaps it would be helpful to 

screen for a wider variety of phenotypes, but our knowledge of chamber-

specific markers is currently limited.  Another possible explanation is that the 

other pathways that influence chamber identity are minor players, in 

comparison to the dominant function of FGF signaling.  Therefore, the 

outcome of our screen may hint at the biology underlying chamber identity. 

A major challenge we faced during the screen was the obvious lack of 

reproducibility.  Only two of the nine compounds tested in the secondary 

screen robustly recapitulated their initially observed phenotype. One possible 

explanation is that long-term storage and repeated freezing and thawing 

affected the stability of our small molecule collection.  Thus, it is plausible that 

phenotypes observed in the primary screen were due to toxic byproducts from 

the break down of compounds.  Along these lines, the majority of the ‘small 

heart’ phenotypes may represent a consequence of mild toxicity rather than a 

compound-specific phenotype.  Alternatively, there may have been a degree of 

human error involved, creating a mismatch between the phenotype and the 

compound, so that the compound tested in the secondary screen is different 

from the one tested first time around.  However, we were careful to avoid such 

errors, and this is not a likely explanation. 

The screen also allowed us to identify advantages and disadvantages 

in the design of our assay and inspired ideas for improvements that can be 
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implemented to make our screening endeavors more efficient in the future.  

One advantage in the design of our screen was the use of fluorescent 

reporters and live imaging.  Compared to screens utilizing in situ hybridization, 

our approach was less tedious and relatively efficient.  In spite of this, a major 

limitation was that it was still time-consuming and laborious.  Each round of 

screening took four days from start to finish and involved manually 

dechorionating embryos, individually pipetting small molecules and embryos, 

and orienting and imaging embryos for each compound.  This also limited the 

number of compounds that could be tested at a time.  The majority of the small 

molecule screens in zebrafish over the last fifteen years have tested between 

1000-5000 compounds (Rennekamp and Peterson, 2015).  Therefore, to 

improve our ability to find hits, we need to increase the size of our screen and 

to make the process more high-throughput.  This should be possible with tools 

currently being developed for greater automation of embryo handling and 

advancements in imaging (Rennekamp and Peterson, 2015).   

In future screens, it may also be preferable to use collections of 

bioactive compounds rather than diverse synthetic libraries.  One reason is 

that pre-existing information is generally available for bioactive compounds.  

This would be particularly helpful towards determining the mechanism of 

action and for achieving our long-term goal of identifying new signaling 

pathways regulating chamber identity.  However, if needed, we could design 

hypotheses based on the structure of the compound, identify its binding 
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partners, or gather cues based on phenocopy of known mutations to get at the 

mechanism of action.  

Our screen facilitated the identification of two compounds with specific 

cardiac phenotypes, which will be of interest to members of the Yelon lab.  In 

particular, understanding the cellular basis of the phenotype in C22H24O4 and 

its mechanism of action could potentially lead to the discovery of a novel factor 

regulating heart size.  In addition, ST002304 has potential value as a molecule 

that acts like MTZ and may find future utility.  We predict that, with 

improvements in assay design, future screening efforts will be successful at 

finding pathways regulating chamber identity.  
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Table 3.1. Summary of compounds that produced cardiac phenotypes.   
23 of the 455 compounds tested resulted in cardiac phenotypes.  Treatment 
with Indole-2-carboxylic acid resulted in ectopic atrial cells within the ventricle, 
and treatment with C18H33NO4 resulted in disproportionate chambers with a 
small ventricle and an expanded atrium.  However, these phenotypes were not 
reproducible.  Seven other compounds were selected for secondary screening, 
out of which ST002304 and C22H24O4 were reproducible. 
 

Library Compound  Cardiac phenotype  Retested Reproducible 

Bioactive 
Chrysanthemic 

acid small heart     

Bioactive 
3,7-

dihydroxyflavone small heart     
Bioactive Retanserin small heart     
Bioactive Nemodipine small heart     

 
3,5-dinitrocatechol 

surface of the heart      
Bioactive appears disorganized,     

   lacks smooth surface     

Bioactive 
Indole-2-

carboxylic acid small heart, ectopic amhc Yes No  
Tim Tec C9H10Cl2N2OS small and linear heart     

Tim Tec C18H33NO4 
small ventricle, expanded 

atrium Yes No 
Tim Tec C16H10Br2N4O5 cardia bifida, small hearts Yes No 
Tim Tec C16H14N4O2 small and linear hearts     
Tim Tec C4H4BrN5O3 small heart Yes No 
Tim Tec C17H11BrClNO2 small heart     
Tim Tec C25H34O4S small heart     
Tim Tec C8H15N3O2S2 small heart, possibly toxic Yes No 
Tim Tec C17H13N3O3S small and linear heart     
Tim Tec C17H13F3N2S small and linear heart     
Tim Tec C21H23NO4S3 small heart     
Tim Tec C18H18N2O2 small heart     
Tim Tec C23H28O4 small heart     
Tim Tec C21H16O8 small heart Yes No 
Tim Tec C22H24O4 small heart Yes Yes 
Tim Tec C17H14BrNO3 small heart Yes No 
Tim Tec C9H6N603 fragmented ventricle Yes Yes 
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Figure 3.1. ST002304 induces fragmentation of the ventricle in 
Tg(vmhc:mCherry-NTR) embryos. 
(A-C) The reporter transgenes Tg(amhc:eGFP) and Tg(vmhc:mCherry) 
highlight the atrial (green) and ventricular (red) chambers; lateral view, anterior 
to the left.  Embryos were treated with either DMSO or ST002304 at 15 hpf.  
(B and C) In contrast to control embryos, embryos treated with ST002304 
either display a small portion of ventricular tissue or completely lack a 
ventricle. 
(D and E) In situ hybridization for vmhc depicts morphology of the ventricle; 
frontal views. (E) Compared to control embryos, embryos treated with 
ST002304 only have a speck of ventricular tissue.  
(F-I) The reporter transgenes Tg(amhc:eGFP) and Tg(vmhc:mCherry) 
highlight the atrial and ventricular chambers; lateral views, anterior to the left.  
(G) The effects of ST002304 on the ventricle are visible by 32 hours post-
treatment: the chamber is reduced and its surface of the ventricle appears 
disorganized.  (I) The ventricle is highly fragmented by 48 hours post-
treatment. 
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Figure 3.2. C22H24O4 results in hearts with undersized atrial and 
ventricular chambers.   
(A and B) The reporter transgenes Tg(amhc:eGFP) and Tg(vmhc:mCherry) 
highlight the atrial and ventricular chambers of embryos treated with either 
DMSO or C22H24O4; lateral views, anterior to the left.  (B) In contrast to 
control embryos, embryos treated with C22H24O4 display smaller hearts with 
undersized atrial and ventricular chambers.   
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Chapter 4: Future directions toward understanding mechanisms of 

commitment to ventricular chamber identity	  

	  

	  



	  

	  

98	  

In this thesis, we have shown novel roles for FGF signaling in two 

populations of ventricular cardiomyocytes.  Our results suggest that FGF 

signaling is required to maintain ventricular chamber identity in early-

differentiating cardiomyocytes.  In addition, our findings indicate that FGF 

signaling is crucial for assigning ventricular fate to late-differentiating 

cardiomyocytes at the arterial pole.  Together, these data substantially 

advance our understanding of the mechanisms that control ventricular fate 

assignment, maintenance, and plasticity.  At the same time, it is clear that 

many open questions regarding the control of ventricular chamber identity 

remain to be examined.  In this chapter, I will discuss four important areas for 

future investigations centered on extending our understanding of the 

mechanisms that regulate commitment to ventricular identity.  I will also 

discuss the potential biomedical significance of this work.	  

	  

Is FGF signaling required cell autonomously to promote ventricular 

fate?	  

Our work demonstrates the importance of FGF signaling to ventricular 

chamber identity, but our data do not address where FGF signaling acts to 

play this key role.  It is plausible that FGF signaling acts in a cell-autonomous 

manner and that ventricular cardiomyocytes require direct reception of FGF to 

maintain their fate.  Alternatively, FGF signaling may be required in the 

endocardium or in neighboring cells to indirectly impact ventricular identity.  
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Through mosaic expression of the transgene Tg(hsp70:dnfgfr1), we began to 

analyze whether FGF signaling is required within ventricular cardiomyocytes.  

As described in Chapter 2, we have detected cells in the proximal ventricle 

that are GFP+Amhc+ indicating that these ectopic amhc-expressing cells 

express dnfgfr1, and hinting at a cell-autonomous role for FGF signaling.  

However, in these experiments, we have also found cells that are Amhc+, but 

GFP-.  It is difficult to interpret the latter scenario: the outcome could either 

signify that FGF signaling is required cell non-autonomously or that GFP levels 

are undetectable in the cells because of GFP turnover.  	  

In the future, we will extend our analysis by generating mosaic embryos 

through blastomere transplantation (Garavito-Aguilar et al., 2010).  To track 

donor-derived cells, we will inject donor embryos with a lineage tracer, such as 

rhodamine-dextran.  To assess if FGF signaling is required cell autonomously, 

we will transplant Tg(hsp70:dnfgfr1) cells into wild-type host embryos, heat 

shock them at 18 hpf, and examine whether heat shock induces ectopic Amhc 

within donor-derived ventricular cells.  For example, if we find that dnfgfr1-

expressing donor-derived cells are Amhc+, this will suggest a cell-autonomous 

role for FGF signaling in promoting ventricular identity.  On the other hand, if 

we find host-derived Amhc+ ventricular cells, this will suggest that FGF 

signaling has an indirect effect on ventricular identity.  Performing the 

reciprocal experiment by transplanting wild-type cells into Tg(hsp70:dnfgfr1) 

hosts will also be valuable to confirm our findings.  We will assess the 
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autonomy of FGF signaling in both early-differentiating and late-differentiating 

cardiomyocyte populations. 	  

If we find that FGF signaling is required in a cell-autonomous fashion, 

the mosaic strategy will be a useful approach for the potential documentation 

of ventricular-to-atrial transformation in Tg(hsp70:dnfgfr1) clones.  This has 

been challenging to achieve through time-lapse imaging of SU5402-treated 

embryos carrying fluorescent reporters of chamber-specific gene expression, 

Tg(amhc:egfp) and Tg(vmhc:mCherry-NTR) (Zhang et al., 2013).  With this 

approach, we have not been able to capture cells in transition from mCherry+ 

to GFP+mCherry+ to GFP+mCherry-.  This may largely be due to the 

anatomical location of the heart: in SU5402-treated embryos, it remains tucked 

under the head in a relatively inaccessible position.  To make the heart more 

visible, we have also attempted live imaging of explants.  We adapted a 

published protocol for culturing explanted zebrafish hearts (Noel et al., 2013) 

and were successful in keeping explants alive from 30-72 hpf.  However, we 

were not able to observe the induction of ectopic amhc-expressing cells in the 

ventricle of explanted hearts.  For example, when hearts from SU5402-treated 

embryos were explanted around 30 hpf and imaged for an interval from 33-43 

hpf, we did not observe ventricular cells that acquired GFP fluorescence 

during this time window.  This lack of a positive result may simply reflect the 

preliminary nature of these investigations: perhaps we need to look at more 

examples or optimize the conditions to support the appearance of the 
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phenotype in explanted hearts.  Alternatively, contrary to our data implying that 

early-differentiating ventricular cells initiate expression of amhc when FGF 

signaling is reduced, perhaps this is not the primary origin of most ectopic 

amhc-expressing cells.  If the majority of the ectopic amhc-expressing cells 

are late-differentiating, then it would be unlikely for us to be able to document 

their appearance through our explant strategy, since most SHF-derived cells 

are added to the ventricle after 30 hpf (de Pater et al., 2009; Lazic and Scott, 

2011).  Therefore, in future experiments, it could be advantageous to take 

advantage of a mosaic approach to follow the dynamics of amhc expression in 

Tg(hsp70:dnfgfr1) clones, without the confounding context of the entire 

embryo lacking FGF signaling.  	  

	  

Why are particular subregions of the ventricle differentially affected by 

loss of FGF signaling? 	  

In our studies, ectopic amhc-expressing cells were preferentially found 

at the inner curvature of the ventricle, as well as at the arterial pole, 

suggesting that these regions are particularly sensitive to loss of FGF 

signaling.  What makes specific regions within the ventricle different from each 

other?  Does the distribution of ectopic amhc-expressing cells reflect 

meaningful differences in the gene expression programs between the inner 

and outer curvature of the ventricle, or between the distal and proximal 

portions of the ventricle? 	  
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Prior studies have indicated distinct patterns of gene expression in 

specific regions within each cardiac chamber (Jensen et al., 2013).  For 

example, the working myocardium at the outer curvature of the ventricle is 

characterized by relatively fast electrical propagation, increased levels of 

sarcomere proteins, higher force generation, and expression of genes 

encoding specific secreted factors (such as atrial natriuretic factor (Anf)) and 

gap junction proteins (such as Cx40) (Christoffels and Moorman, 2009; Habets 

et al., 2002; Jensen et al., 2013).  In contrast, the primary myocardium in the 

inner curvature of the ventricle, as well as in the inflow tract, atrioventricular 

canal (AVC), and outflow tract (OFT), exhibits slower electrical propagation, 

generates less force, and lacks expression of the markers of working 

myocardium (Jensen et al., 2013).  Since the outer curvature and inner 

curvature have key differences in gene expression patterns, perhaps these 

differences account for their differential vulnerability to loss of FGF signaling.   	  

Tbx genes have been implicated in controlling the patterning of the 

working and primary myocardium (Christoffels et al., 2004; Habets et al., 

2002).  In mice, Tbx2 is expressed in the inflow tract, the AVC, OFT, and the 

inner curvature.  Global overexpression of Tbx2 in mice results in loss of 

working myocardium (Christoffels et al., 2004).  In the absence of Tbx2 

function, the primary myocardium acquires properties of the working 

myocardium (Christoffels et al., 2004).  On the other hand, Tbx5 promotes 

expression of working myocardium factors Anf and Cx40 (Bruneau et al., 
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1999), and it has been suggested that Tbx2 competes with Tbx5 to repress 

the working myocardium gene expression program in the primary myocardium 

(Habets et al., 2002).  We hypothesize that differential expression of tbx family 

members could underlie the differential vulnerability of regions of the zebrafish 

ventricle to loss of FGF signaling.  For example, to test if differences in gene 

expression account for the frequent distribution of ectopic amhc-expressing 

cells along the inner curvature, we could overexpress tbx2b throughout the 

heart and analyze whether this impacts the localization of ectopic cells.  If we 

see that ectopic amhc-expressing cells are no longer preferentially located in 

the inner curvature, but also frequently appear at the outer curvature, this 

would suggest that tbx-driven gene expression programs control the sensitivity 

of regions of the ventricle to levels of FGF signaling.  	  

It is also intriguing to consider that the differential distribution of ectopic 

amhc-expressing cells might reflect heterogeneity in the dynamics of 

differentiation within the ventricle.  The primary myocardium has been thought 

of as being less fully differentiated than the working myocardium.  Likewise, 

the SHF-derived cells at the arterial pole are late-differentiating and therefore 

less mature than more proximal portions of the ventricle.  Perhaps the different 

vulnerability to loss of FGF signaling in these distinct territories of the ventricle 

reflects the degree of commitment of more fully differentiated tissue relative to 

the degree of plasticity in less fully differentiated tissue.  Understanding the full 
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picture of gene expression patterns in each region would be helpful for the 

future examination of these hypotheses.	  

	  

Does FGF signaling intersect with other signaling pathways to control 

ventricular gene expression? 

Our work demonstrates an important role for FGF signaling in 

promoting ventricular identity, but it is likely that additional signaling pathways 

are also involved.  Our long-term goals are to identify these additional 

pathways and to determine the extent to which the relevant signaling 

pathways intersect.  One strategy for identifying additional pathways is to 

examine the effects of inhibiting or activating these signals while ventricular 

identity is being established.  To investigate whether they fit into a signaling 

network with FGF signaling, we could analyze the epistatic relationships 

between pathways.  So far, we have taken this approach to evaluate whether 

RA signaling and BMP signaling are involved in promoting ventricular fate. 

Since prior studies have shown that RA signaling promotes atrial fate 

(Hochgreb et al., 2003; Yutzey et al., 1994), I chose to investigate whether RA 

signaling is involved in upregulation of amhc in the ventricle.  Specifically, I 

examined whether activating RA signaling would generate ectopic amhc-

expressing cells in the zebrafish ventricle.  I found that exposure to high doses 

of RA beginning at 18 hpf results in the formation of small, dysmorphic hearts, 

with ectopic amhc expression in the ventricle.  To address the relationship 
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between the FGF and RA pathways in this context, I examined the expression 

of RA-responsive genes in the ventricle, but I did not find elevated levels of 

these genes upon inhibition of FGF signaling.  I also evaluated whether 

inhibiting RA synthesis in fgf8a mutants or in embryos treated with SU5402 

would suppress the appearance of ectopic amhc.  Additionally, I evaluated 

whether ectopic amhc would appear in raldh2 mutant embryos (Begemann et 

al., 2001) treated with SU5402.  Loss of RA signaling did not alter the 

appearance of ectopic amhc.  Thus, our data do not support a model in which 

FGF promotes ventricular identity by repressing RA signaling.  However, we 

cannot rule out the possibility that FGF and RA regulate amhc expression 

through independent means or the possibility that RA acts upstream to limit 

FGF signaling within the ventricle. 

Another pathway likely to be involved in regulating the appearance of 

ectopic amhc expression is BMP signaling.  Interestingly, a study conducted to 

investigate the role of BMP signaling during cardiac differentiation in zebrafish 

found that activation of BMP signaling at 18 hpf results in appearance of 

amhc-expressing cells within the ventricle (de Pater et al., 2012).  This 

suggests that BMP signaling needs to be repressed during cardiac 

differentiation to prevent ectopic expression of amhc in the ventricle, and 

encouraged us to hypothesize that FGF signaling might inhibit BMP signaling 

in this context.  To test this, we treated embryos with both SU5402 and LDN, 

an antagonist of BMP signaling (Yu et al., 2008), beginning at 18 hpf.  In these 
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experiments, we did not observe any difference in ectopic amhc distribution 

between embryos exposed to just SU5402 and those exposed to both SU5402 

and LDN.  Perhaps FGF and BMP instead act independently, with opposite 

influences on the regulation of amhc.  In future studies, we could test this by 

exposing embryos simultaneously to both SU5402 and activators of the BMP 

pathway to assess if this combination of treatments aggravates the phenotype.  

This experiment has the potential to provide novel information about the role of 

BMP signaling in promoting chamber identity.  	  

In the future, it would be valuable for us to extend our work to include 

the analysis of additional pathways, and it would be particularly interesting to 

investigate potential roles of Wnt signaling in controlling ventricular gene 

expression.  A recent study demonstrated that FGF signaling promotes 

specification of hepatic progenitor cells from human induced pluripotent cells 

(hiPSCs) by inducing expression of the Wnt pathway inhibitor naked cuticle 1 

(NKD1) (Twaroski et al., 2015).  NKD1 is an intracellular inhibitor of the 

canonical Wnt pathway and it acts to represses the disheveled family of 

proteins (Yan et al., 2001).  Loss of NKD1 in iPSCs results in failure to specify 

hepatic progenitor cells and this is rescued by addition of Wnt pathway 

inhibitors (Twaroski et al., 2015).  Given that Wnt signaling plays a biphasic 

role in cardiac development, in which activation prior to gastrulation enhances 

cardiogenesis and activation after gastrulation inhibits heart formation (Ueno 

et al., 2007), it is possible that Wnt signaling needs to be continuously 
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repressed also at the stages when chamber identity is being acquired.  To test 

this, we could examine whether activators of the Wnt pathway affect 

ventricular identity and whether inhibition of Wnt signaling in embryos with 

reduced FGF signaling can suppress appearance of ectopic amhc cells.  In 

addition, future small molecule screens might be able to reveal other pathways 

impacting ventricular chamber identity.	  

	  

What is the progression of commitment to a cell fate?	  

Our data indicate plasticity in the commitment of ventricular cells during 

a particular interval of time: FGF signaling is required until 29 hpf to maintain 

ventricular identity and prevent ectopic amhc expression.  This finding raises 

interesting questions about the inherent nature of both plasticity and 

commitment.  What are the molecular mechanisms that are responsible for the 

progression to commitment?  What does it mean to retain plasticity?  What 

does it mean to become fully committed?  In future extensions of our work, we 

hope to be able to address aspects of these questions by examining the 

intracellular pathway downstream of FGF, the regulation of chamber 

differentiation genes by nkx2.5, the potential involvement of additional effector 

genes factors downstream of FGF signaling, and epigenetic modifications that 

may contribute to the commitment of ventricular cells.  	  

What is the intracellular signaling pathway through which FGF signaling 

acts to control nkx2.5 expression?  Fgfrs employ various downstream 
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signaling pathways (Pownall and Isaacs, 2010) and studies suggest that 

MAPK is predominantly activated in developmental contexts (Davidson et al., 

2006; Pownall and Isaacs, 2010; Yamanaka et al., 2010).  In Xenopus, the 

p38 MAPK pathway and downstream transcription factor CREB are necessary 

and sufficient to induce expression of Nkx2.5 in cardiac precursors (Politansky 

et al., 2009).  In the future, it would be interesting to test if the p38 MAPK 

pathway is also activated downstream of FGF to maintain nkx2.5 expression in 

the zebrafish ventricle.  On the other hand, we have utilized the reporter 

transgene Tg(dusp6:d2GFP) (Molina et al., 2007) and detected expression of 

the phosphatase dusp6 in the heart at 24 hpf.  Dusp6 is thought to be highly 

specific for inactivation of ERK1/2 kinases (Muda et al., 1996; Owens and 

Keyse, 2007) and is primarily activated downstream of ERK MAPK (Eblaghie 

et al., 2003; Gomez et al., 2005; Tsang et al., 2004) with some studies also 

suggesting the involvement of PI(3)K pathway (Kawakami et al., 2003; Smith 

et al., 2006).  It would therefore also be interesting to evaluate whether FGF 

signaling acts through the ERK or PI(3)K pathway in this context, using 

pharmacological reagents to selectively inhibit or activate specific pathways. 	  

Does nkx2.5 act directly or indirectly to regulate chamber identity 

genes?  Since nkx2.5 is expressed throughout the heart, how does it control 

chamber-specific patterns of gene expression?  We speculate that nkx2.5 

directly binds to vmhc, as analysis of the upstream regulatory region of vmhc 

has revealed nkx2.5-binding sites (NKEs) (Zhang and Xu, 2009).  Although 
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nkx2.5 generally functions as a transcriptional activator (Yamagishi et al., 

2001), it also has the potential to repress vmhc expression in the atrium by 

interacting with repressor complexes (Habets et al., 2002; Small and Krieg, 

2003).  Perhaps a similar mechanism also applies to regulation of chamber-

specific amhc expression.  We could test this by generating fragments of the 

regulatory region upstream of amhc that is required for atrial-specific 

expression, followed by further identification of the minimal cis-element.  We 

could use bioinformatics to look for NKEs in the identified element and then 

test whether deletion of NKEs will disrupt regionalized expression of amhc.  

This would suggest that nkx2.5 recruits repressor complexes to achieve 

atrium-specific expression and would explain appearance of ectopic amhc 

upon reduction of nkx2.5 function. 	  

Do irx4 and hey2 function downstream of FGF to maintain ventricular 

identity?  Both of these transcription factors are restricted to the ventricle and 

have been demonstrated to promote ventricular identity in mice (Bruneau et 

al., 2001; Bruneau et al., 2000; He et al., 2009; Koibuchi and Chin, 2007; 

Leimeister et al., 1999; Nakagawa et al., 1999).  We would begin by examining 

whether inhibiting FGF signaling causes them to be downregulated.  If their 

expression is diminished, we could analyze whether overexpression of either 

irx4 or hey2 represses the appearance of ectopic amhc cells in embryos with 

reduced FGF signaling.  This would suggest possible roles for irx4 and hey2 

downstream from FGF signaling in maintaining ventricular identity.   	  
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Furthermore, we speculate that diminished vmhc expression in the 

absence of FGF signaling also results from changes in the epigenetic 

landscape.  The chromatin state of specific enhancers has been shown to 

reflect the activity of a particular gene (Shchuka et al., 2015): for example, an 

active gene is marked by presence of H3K27me1 and H3K4ac.  Histone 

marks are acquired in a sequential manner, such that H3K4ac becomes 

enriched on lineage-specific enhancers previously bookmarked by H3K27me1 

(Wang et al., 2015).  In addition, histone marks have been shown to be 

dynamic and depletion of activating marks on enhancers has been observed 

upon washout of stimulus in macrophages (Ostuni et al., 2013).  Therefore, it 

is possible that loss of FGF signaling causes depletion of acetylation, which in 

turn affects the interaction of nkx2.5 with vmhc.  Thus, not only are nkx2.5 

levels diminished, but interaction of nkx2.5 to vmhc is also weakened due to 

epigenetic modifications, and both of these factors combined would cause 

downregulation of vmhc expression.	  

Our data indicate that ventricular cardiomyocytes will respond to loss of 

FGF signaling up until 29 hpf.  We speculate that, after this stage, 

modifications in epigenetic architecture make it less favorable to alter vmhc 

and amhc expression.  Alternatively, another signaling pathway may take over 

the role played by FGF signaling, or a more elaborate downstream 

transcription factor network is established so that chamber identity is no longer 

regulated at the level of FGF signaling.  All of these mechanisms together 
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could regulate the progression from possessing plasticity to becoming 

committed.  In future studies, it would be exciting to compare how histone 

enrichments change before and after the window of requirement for FGF 

signaling.  Moreover, we could also examine sites that are enriched with 

activating marks in ventricular cardiomyocytes, and survey the genes 

associated with these enhancers.  We could conduct similar experiments to 

survey genes associated with activated enhancers in atrial cardiomyocytes.  

This may permit the identification of additional chamber-specific markers, 

which has been an enormous limitation for our studies.  Once the activated 

lineage-specific enhancers are known, one can analyze the binding motifs on 

these enhancers to identify transcription factors that control expression of 

chamber-specific genes.  Knowledge of such transcription factors would be 

instrumental to our understanding of how chamber-specific identities are 

established.  Altogether, knowledge of the signaling cascade downstream of 

FGF, the downstream transcription factors, and downstream epigenetic 

modifications will improve our understanding of the progression of commitment 

to ventricular fate.	  

	  

What is the biomedical significance of this work?	  

In considering the biomedical significance of our work, it is interesting to 

compare the phenotypes of zebrafish embryos with reduced FGF signaling 

and patients with Ebstein’s anomaly.  Ebstein’s anomaly is a congenital heart 
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disease characterized by an expanded right atrium, displacement of the 

tricuspid valve into the right ventricle, and atrialization of the ventricle (Jost et 

al., 2007).  Our data suggest possible mechanisms for how the ventricle 

becomes atrialized in Ebstein’s patients.  In addition, not all of the genetic 

factors causing Ebstein’s anomaly are known (Jost et al., 2007), and 

identification of additional players downstream of FGF signaling and other 

pathways crucial to chamber identity assignment may help to improve our 

comprehension of this congenital heart disease. 	  

Our data also provide valuable insights that could improve the 

production of cardiomyocytes for regenerative therapy.  A major limitation in 

generating cardiomyocytes in vitro either from stem cells or reprogramming of 

fibroblasts is their inefficient conversion to mature cardiomyocytes (Anderson 

et al., 2014; Sahara et al., 2015).  A deeper understanding of the FGF 

signaling pathway in this context and additional pathways that promote atrial 

and ventricular fates would be valuable to improving and directing 

differentiation of mature ventricular cardiomyocytes.  
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