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ABSTRACT OF THE DISSERTATION 

 

 

The Role of Cardiac Neural Crest Cells in Zebrafish Heart Development 

By 

Ann Milada Cavanaugh 

Doctor of Philosophy in Molecular, Cell and Developmental Biology 

University of California, Los Angeles, 2015 

Professor Jau-Nian Chen, Chair 

 

 Early stages of cardiac development are well conserved among vertebrates. However, 

later morphological development results in a more complicated 4 chambered heart in mammals, 

while fish retain a simple two chambered heart. The onset of these morphological changes 

coincide with contribution of cells to the heart from the second heart field (SHF). Interestingly, 

despite the great morphological differences in the structures derived from precursors in the SHF 

in mammals and zebrafish, the signals regulating SHF development are conserved. Cardiac 

neural crest cells (CNCCs), which also contribute to later stages of cardiac development are 

well studied in chick and mouse models, but very little is known about the role of CNCCs in 

zebrafish heart development. It is possible that as with the SHF the molecular mechanisms of 

CNCC development is conserved among all vertebrates. In this study I aim to better define the 

role of CNCCs in zebrafish and determine how well the role for CNCCs is conserved. I show 

that there are two waves of CNCCs which contribute to the heart in zebrafish. The first invades 

the developing heart tube between 24 hpf and 30 hpf and gives rise to CNC derived 
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cardiomyocytes. CNCCs with a myocardial fate have an invasive morphology as they enter the 

heart, and disrupt local adhesion molecules in neighboring cells. The second wave of CNCCs 

migrates along aortic arch artery 6, onto the ventral aorta by 80 hpf, and ultimately invades the 

BA. I find that both populations of CNC derived cells persist to adulthood.  These two 

populations are separated not only by developmental time, but also by their response to FGF 

signaling as they migrate to the heart. The first wave is independent of Tbx1, and FGF 

signaling, and the second wave relies on FGF signaling for migration to the ventral aorta and 

BA. Ablation of NC leads to a variety of cardiac defects including reduced heart rate, defects in 

myocardial maturation, development of the BA and aorta, and defects in SHF contribution to the 

heart, as well as a dramatic increase of bmp4 expression, and a reduction of tbx1 expression. 

Many of the cardiac phenotypes I observe in NC ablated embryos are similar to those reported 

in other species, making zebrafish an ideal model to study signaling which may be important for 

CNC development in vertebrates. 
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CHAPTER 1 

FORMATION OF THE VERTEBRATE HEART 

 

 Early stages of cardiac development are well conserved, both morphologically and 

molecularly, among all vertebrates. However, morphologically, later stages of development to 

form the 4 chambered mammalian heart and 2 chambered zebrafish heart diverge drastically. 

Despite this the second heart field (SHF) which gives rise to the left ventricle in mouse and 

chick, and half of the single ventricle in zebrafish is regulated through conserved mechanisms in 

all vertebrates. Another population of cells which contributes to later stages of heart 

development is the cardiac neural crest (CNC). Although CNC cells (CNCCs) are well studied in 

chick and mouse models, very little is known about the role of CNCCs in zebrafish heart 

development. In this study I aim to better define the role of CNCCs in zebrafish and determine 

how well the role for CNCCs is conserved among vertebrates.  

 

A. Heart tube formation 

Formation of the vertebrate heart requires the careful coordination of several cardiac 

precursor populations including the first heart field (FHF), SHF and CNC. Cardiac precursor 

cells of the FHF and SHF arise from the anterior lateral plate mesoderm. The region and 

number of cells which are destined to give rise to the heart is defined by pro cardiogenic signals 

such as BMP and FGF from the foregut and pharyngeal endoderm [1], and restrictive signals 

such as retinoic acid [2]. The FHF and SHF form bilaterally symmetrical population of cells 

which are destined to give rise to the myocardium and endocardium. After the heart fields have 

been specified cardiac precursor cells begin to express cardiac specific transcription factors 

such as nkx2.5, GATA4, TBX5, and MEF2C [1]. Cardiac precursor cells from the first heart field 

1 
 



(FHF) then migrate to the midline to form the primitive heart tube. As the heart tube elongates it 

jogs to the right, the first morphological break in lateral symmetry, it begins to beat and provide 

circulation necessary for the developing embryo [1]. Further elongation of the heart tube is 

achieved through addition of cells to the heart from the second heart field (SHF) [1].  

 

B. Second heart field development 

After formation and elongation of the heart tube, cardiac morphogenesis in fish, which 

have a simple single loop circulatory system, and higher vertebrate models, which have a 

double loop circulatory system diverges. Fish retain a single atrium and ventricle, while 

mammals and chick require additional steps to separate the primitive ventricle into the right and 

left ventricles and the OFT into the pulmonary artery and aorta. Additionally, in chick and mouse 

the left and right atria undergo significant looping to reach their final arrangement on the arterial 

side of the ventricles. The SHF in these species gives rise to the outflow tract (OFT), right 

ventricle, and a portion of the atria [3, 4]. In zebrafish the single ventricle and atrium undergo 

much less drastic looping, and do not require septation. The SHF in zebrafish gives rise to the 

arterial half of the ventricle and venous half of the atrium [5, 6]. Although the morphology of SHF 

derived tissues differ between zebrafish and other vertebrates, the signals required for proper 

SHF contribution to the heart are very well conserved.  

In chick and mouse, the region of the pharyngeal mesoderm that gives rise to the SHF is 

defined by expression of a number of markers such as fgf10, and isl1 [3, 4]. Additionally, Isl1 is 

functionally important for SHF development as evidenced by the absence of structures derived 

from the SHF in Isl1 deficient mice [4].The SHF can be further subdivided into regions which 

give rise to either the atrial pole, which is defined by fgf10 expression, or venous poles, which 

lack fgf10 expression [7]. isl1 expression is also required for zebrafish SHF development [8] 
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and, as in chick and mouse, different regions of the SHF are defined by the expression of 

specific markers. Latent tgfβ binding protein 3 (ltbp3) has been identified as a marker of the 

SHF at the arterial pole of the heart which gives rise to the OFT and half of the ventricle [9], but 

does not mark cells in the SHF which give rise to atrial derivatives.  

Although there are many pathways involved in the specification and differentiation of 

cells in the SHF, the signal that is thought to be at the center of SHF development is Isl1. In 

addition to being used as a marker for cardiac progenitors in the SHF [4] Isl1 is central in 

regulating the genetic pathways involved in SHF development. Isl1 is a transcription factor 

which regulates the expression of mef2ca [10] and many other transcription factors required for 

SHF development such as Hand2, FoxC1 and 2, and Nkx2.5 (reviewed by [11]).  In addition, 

Isl1 controls the expression of signaling molecules such as FGF10 [12]. In zebrafish, it has been 

shown that Isl1 itself is regulated by Adjuba, which is responsible for restricting Isl1 expression 

to the proper domain [8]. 

Another transcription factor key for SHF development is Tbx1 [13-16]. tbx1 is the main 

gene underlying del22q11.2 (DiGeorge syndrome) [17-20], and in chick and mouse tbx1 

expression in the SHF is required to support proliferation [15, 16]. Additionally, Tbx1 activity has 

been shown to be important for SHF development in zebrafish, although the role of Tbx1 is 

slightly different. In zebrafish, embryos mutant for tbx1 lack second heart field contribution to the 

heart due to defects in proliferation of cells in the SHF. However, unlike in mouse, tbx1 is not 

expressed in the SHF itself, but in surrounding tissues [21].   

In addition to regulating cell proliferation Tbx1 is required for the expression of growth 

factors FGF8 and FGF10 [14, 22]. In turn, FGF8 signaling is required for development of the 

SHF [23], and for correct addition of myocardium to the OFT of the heart and OFT remodeling 

[24]; mutation of fgf8 in mouse recapitulates the del22q11.2 syndrome phenotype [25]. In 
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zebrafish chemical inhibition of FGF signaling leads to a failure of SHF addition to the hear tube 

[26], and defects in expression of SHF marker mef2ca [6]. 

One of the signals in the SHF that is disrupted when FGF8 signaling is lost in chick and 

mouse is BMP4 [23]. BMP signaling is required for the SHF to switch from a phase of progenitor 

expansion to differentiation and contribution to the developing heart [27-29]. BMP receptor 

expression is required within the SHF and loss of BMPR1a leads to increase expression of the 

progenitor marker Isl1 [30], conversely over expression of BMP ligands leads to progenitor cell 

proliferation defects within the SHF [31]. The role of BMPs in SHF development in zebrafish has 

not yet been explored. 

 

C. Cardiac neural crest in chick and mouse 

In chick and mouse, when the primitive ventricle is separated into the right and left 

ventricles significant rearrangement of the great vessels leading out of the heart is also 

necessary. This processes requires an additional cardiac precursor population, CNCCs. 

Although septation and rearrangement of the great vessels does not occur in zebrafish, early 

studies indicate that CNCCs do contribute to the zebrafish heart [32, 33]. In this study I will 

compare and contrast the contribution, molecular mechanisms, and requirement for CNCCs in 

zebrafish to that in other species. 

Neural crest cells (NCCs) are a population of cells that arise from the dorsal-most region 

of the neural tube. They migrate extensively throughout the developing embryo and give rise to 

a variety of tissues including elements of the craniofacial skeleton, melanocytes, smooth muscle 

of the gut, and to the developing heart. CNCCs are a subpopulation of NCCs that in chick and 

mouse arise from the region of the neural tube between the otic placode and third somite. 

CNCCs migrate out from the neural tube and along a dorsal lateral path until they reach the 
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circumpharyngeal ridge, where they pause prior to entering the pharyngeal arches (reviewed in 

[34]). 

In chick and mouse CNCCs give rise to the cardiac ganglia, the septation complex, and 

to cells near the branchial arches and truncus arteriosus [35, 36]. In mouse it has been shown 

that CNC derived tissues are retained through adulthood [36]. Retroviral lacZ labelling reveals 

additional fates for CNCCs in chick. In addition to contribution to the OFT and ventricular septal 

mesenchyme, NC derived cells are found in the atrial septum, near the bundle of His, and other 

conduction system elements, near the atrial ventricular cushion mass, and at the venous pole 

were found nested among (but not contributing to) cardiomyocytes [37].  

In mice, an additional contribution of CNCCs to the heart has been revealed by labeling 

CNCCs with the P0 promoter. It has been reported that CNCCs contribute to a population of 

tissue specific progenitor cells [38]. When isolated from murine hearts and transplanted into 

chick embryos these cells behaved as cardiac neural crest cells. Additionally, lineage tracing of 

NCCs in mouse using a P0 (protein 0) promoter cre line labels tissue specific progenitor cells as 

well as myocardial cells derived from this lineage, as well as all previously reported CNC 

derived tissues in the heart. The NC derived tissue specific progenitor cells are multipotent and 

can give rise to smooth muscle and cardiomyocyte cells in culture [38]. These neural crest 

derived stem cells contribute to the limited regeneration seen in the murine heart following 

myocardial infarction [39].  

Defects in cNC development are the root cause of cardiac defects found in a number of 

congenital diseases in humans. Additionally, a large percentage of congenital cardiac defects 

occur in tissues that require cNC for their development. Most notably 22q11.2 deletion 

syndromes (DiGeorge, and velocardiofacial) are associated with interrupted aortic arch, outflow 

tract malformations, including tetralogy of Fallot, and double outlet right ventricle (reviewed in 

[40]). Similarly, mechanical ablation of CNCCs in chick leads to severe defects such as thoracic 
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wall defects, ventricular septal defects, double outlet right ventricle, and persistent truncus 

arteriosus [41], and in mouse loss of NCCs either in mutant models or ablation lines leads to 

double outlet right ventricle, persistent truncus arteriosus, ventral septal defects, and 

dextroposition of the aorta as well as defects in the OFT and tricuspid truncal valve [42, 43]. 

These defects are unsurprising considering the direct contribution of CNCCs to the OFT of the 

developing heart.  

Ablation of CNCCs also leads to looping defects, an increase of myocardial proliferation, 

uneven distribution of cardiac jelly, defects in myofibrillar pattern [44], loss of SHF addition of 

myocardium to the OFT  [45], defects in compaction of conduction system bundles [46], and 

defects in valve development [47, 48]. Additionally, loss of NCCs leads to functional defects 

such as an increase in blood velocity alongside a decrease in blood pressure in chick [49], and 

a reduction of twitch force in individual cardiomyocytes, which is in turn due to disrupted Ca++ 

release from the sarcoplasmic reticulum in both chick [50], and mouse [51]. 

Many factors are involved in regulating CNC emigration from the neural tube, migration 

through the pharyngeal arches and into the OFT of the heart (reviewed in [52]). Wnt1 is 

expressed in developing CNCCs, and disruption of canonical Wnt signaling results in CNC 

defects such as ventral septal defects, and double outlet right ventricle [53]. This phenotype is 

the result of defects in proliferation in pre-migratory CNCCs [54]. In addition to this early role of 

canonical Wnt signaling, non-canonical Wnt signaling through Wnt5a and Wnt11 is required for 

CNC migration into the OFT [55, 56]. 

Migration of CNCCs through the pharyngeal arches to the outflow of the heart is 

supported and guided by many factors. As in SHF development, Tbx1 plays an important role in 

CNC development. One hallmark of DiGeorge syndrome, the main genetic cause of which is 

loss of tbx1 is defective CNC development. Tbx1 expression in the pharyngeal arches supports 

CNC migration by regulating Gbx2 expression in the pharyngeal ectoderm [57]. In turn Gbx2 
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leads to up regulation of Slit2, a guidance factor which CNCCs respond to through expression of 

Robo1, a Slit receptor [57]. Defects in any part of this signaling cascade lead to abnormal CNC 

migration in the pharyngeal arches [57]. 

In addition to Tbx1 activity CNCCs also require FGF8 expression from the pharyngeal 

ectoderm and endoderm for their survival and migration. Mutation in FGF8 in mouse 

phenocopies DiGeorge syndrome, including CNC defects [25]. Additionally, tissue specific 

knock out of fgf8 in either pharyngeal ectoderm or endoderm leads to high levels of CNC cell 

death in the pharyngeal arches [58]. In addition to supporting CNC survival, studies in chick 

show that FGF8 can act as a chemoattractant for migrating CNCCs [59]. 

Final migration of CNCCs into the OFT is guided by semaphoring/plexin signaling. 

Sema3C is expressed by the OFT, while co-receptors Neuropilin 1 (Nrp1) and PlexinA2 are 

expressed by migrating CNCCs [60]. Mice mutant for Sema3C or PlexinA2 display stereotypic 

CNC phenotypes [60, 61].  

 

D. Interplay between the SHF, CNC and pharyngeal apparatus  

 In chick and mouse models CNCCs and the SHF are adjacent to each other as CNNCs 

traverse the pharyngeal apparatus. Signaling from the pharyngeal endoderm regulates both 

SHF and CNC development, while at the same time the SHF and CNCCS rely on each other for 

developmental cues, making it difficult to determine the exact relationship among these 

structures and to interpret signaling events in this developmental space. In chick the reliance of 

SHF on the presence of CNCCs is made apparent by a failure of addition of myocardial cells to 

the OFT from the SHF upon NC ablation [62]. In these embryos cells residing in the SHF which 

would normally be added to the OFT myocardium instead remain undifferentiated in the SHF 

adjacent to the OFT [45]. This phenotype is due to elevated levels of FGF8 signaling caused by 

7 
 



CNC ablation and can be rescued by blocking FGF8 signaling [63]. Although the precise 

molecular mechanisms behind increased FGF8 signaling in CNC ablated embryos is not 

understood, it is speculated that CNCCs act as a buffer to absorb FGF8 signaling, and that loss 

of CNCCs therefore leads to an overabundance of FGF8 signaling to the SHF.  

 In addition to the apoptosis phenotype in CNCCs caused by loss of FGF8 signaling in 

the pharyngeal endoderm and ectoderm [58], disruption of FGFR1 and FGFR2 in the SHF leads 

to defects in CNC invasion of the endocardial cushions [24]. Interestingly loss of FGFR1 and 

FGFR2 in CNCCs themselves does not lead to defects in OFT remodeling, indicating that the 

requirement for FGF signaling in CNCCs is not cell autonomous [24]. The FGF dependent 

signaling which then occurs between the SHF and CNC remains unknown, however loss of FGF 

signaling in the SHF leads to disruption of signaling pathways that regulate CNC behavior such 

as the BMP, TGFβ, and semaphorin/plexin pathways [24]. 

 Taken together these findings indicate a complex regulation of FGF signaling among 

CNCCs, SHF, and the pharyngeal ectoderm and endoderm. FGF signaling from the pharyngeal 

ectoderm and endoderm are required for CNC survival, while autocrine FGF signaling within the 

SHF helps to regulate CNC behavior and migration. At the same time CNCCs help to regulate 

the levels of FGF signaling received by the SHF to allow for proper differentiation of SHF 

derived myocardial cells in the OFT. This relationship is illustrated in Fig. 1-1. 

 

E. CNC in zebrafish 

Although zebrafish do not have the structures which CNCCs are best known for 

contributing to in other species, such as the septum of the OFT, there is still a lot of potential 

overlap for the role of CNCCs in zebrafish and other species. As is true for the SHF the 
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molecular mechanisms of zebrafish CNC development may be conserved. However, very little 

is known about CNCCs in zebrafish. 

Lineage tracing via transplantation and vital dye injection reveals that a subpopulation of 

NCCs originating between rhombomere 1 and the 6th somite migrate to the heart and give rise 

to myocardial cells along the entire length of the heart, with highest contribution to the ventricle 

and AV boundary regions [32, 33]. cNCCs contribute to the myocardium from a very early stage, 

and rely on semaphorin 3D signaling for guidance to the heart [64]. The presence of CNC-

derived cardiomyocytes has been confirmed by transgenic labeling and lineage tracing of NCCs 

in zebrafish using the sox10 promoter [65], sox10 enhancer [66], and enhancer trap nrp2b [67]. 

However, these studies do not carefully examine the extent and localization of CNCC 

contribution to the myocardium. Loss of cNCCs in zebrafish leads to an assortment of cardiac 

phenotypes such as decreased cardiac function [32], defects in AV boundary specification [68], 

and defects in formation of the bulbus arteriosus (BA) [67]. Although the contribution of CNCCs 

to the myocardium is very different than what is reported in chick and mouse, there are many 

similarities in phenotypes caused by loss of NCCs, such as cardiac function defects, and 

defects in OFT development. 

 

F. Cardiac maturation in zebrafish 

 Contribution of NCCs to the myocardium in zebrafish raises the intriguing possibility that 

NC derived myocardial cells may play an important role in the maturation of the zebrafish 

myocardium. Although zebrafish retain a simple two chambered heart throughout development 

and adulthood, several complex morphological processes are required to form a functional adult 

heart. After specification of the atrium and ventricle both chambers balloon outward 

asymmetrically and form an outer and inner curvature. This process is achieved through 
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regionally specific cell shape changes between 48 hpf and 60 hpf [69]. Cells in the outer 

curvature enlarge and become more elongated, while cells in the inner curvature remain small 

and circular. Blood flow is required for the expansion and elongation of cardiomyocytes in the 

outer curvature, while myocardial contraction is required for restricting this expansion and 

elongation to an appropriate extent [69].  

 Following expansion of the chambers and formation of the outer and inner curvature the 

ventricle undergoes further restructuring to form the thickened myocardium required to provide 

adequate blood flow [70-72]. The ventricle thickens through a process called trabeculation, 

which results in the formation of the compact and trabecular myocardium. In zebrafish 

trabeculation initiates at 60 hpf at a site on the outer curvature of the ventricle which is directly 

across from the atrioventricular canal [71]. Myocardial cells invade the lumen of the heart during 

trabeculation through a process of delamination and migration rather than by cell division, and 

require cell autonomously the presence of Erbb2 [70]. External signals are also required for 

myocardial cells to undergo trabeculation, including blood flow, and neuregulin expression from 

the endocardium [71]. Trabeculating cardiomyocytes first extend long protrusions into the 

lumen, and then undergo abluminal surface constriction until they are expelled from the 

compact layer of the myocardium [72]. 

 As fish make the transition from larval to juvenile to adult fish they require and increased 

cardiovascular capacity. The heart responds to this requirement through further remodeling. 

Clonal analysis reveals that an additional cortical layer of cardiomyocytes is added to the heart 

as fish transition to adulthood. This occurs through outward penetration of a few trabecular 

cardiomyocytes which expand clonally to form the cortical layer between eight and ten weeks 

post fertilization. Cortical cardiomyocytes have a more rod shaped morphology and more 

distinct striations than their trabecular counterparts. Interestingly, cortical cardiomyocytes 

respond more robustly after injury to contribute to regeneration of the heart [73].  
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G. New discoveries in this thesis 

 The goals of this study are to more precisely describe the contribution of CNCCs to the 

zebrafish heart, and to begin to explore similarities and differences between the molecular 

events surrounding CNCCs in zebrafish and other species. In Ch. 2 I show that there are two 

waves of CNCCs which contribute to the heart in zebrafish. The first invades the developing 

heart tube between 24 hpf and 30 hpf and gives rise to CNC derived cardiomyocytes. The 

second migrates along aortic arch artery 6 and onto the ventral aorta by 80 hpf, and ultimately 

invades the BA. These two populations are separated not only by developmental time, but also 

by their response to FGF signaling as they migrate to the heart. The first wave is independent of 

FGF signaling, and the second wave relies on FGF signaling for migration to the ventral aorta 

and BA. Ablation of NC leads to a variety of cardiac defects including reduced heart rate, 

defects in myocardial maturation, development of the BA and aorta, and defects in SHF 

contribution to the heart. This suggests that a population of CNCCs in zebrafish is conserved 

with those in other species, while the population that contributes to the myocardium represents 

a new or unique population of NCCs which contribute to the heart. 

 Ch. 3 explores some of the possible signals involved in guiding the first wave of CNCCs 

to the heart, as well as signals that may be disrupted when NCCs are ablated. Interestingly the 

first wave of CNCCs is independent of Tbx1, as well as FGF signaling, whereas loss of Wnt 

signaling may lead to an increase in the number of CNC derived cardiomyocytes. These 

findings confirm that myocardial fated CNCCs are very different from CNCCs reported in other 

species. Additionally, based on expression pattern, Sema3C may have a conserved role in 

guiding both the first and second wave of CNC migration to the zebrafish heart. NC ablation 

leads to a dramatic increase of bmp4 expression, and a drastic reduction of tbx1 expression, 

especially in the anterior pharyngeal arches. These changes in expression pattern upon NC 
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ablation may suggest a similar molecular mechanism for the SHF phenotype in zebrafish as is 

reported in other species. 

 In Ch. 4 I demonstrate that CNCCs which give rise to cardiomyocytes have an invasive 

morphology as they enter the heart, and disrupt local adhesion molecules in neighboring cells. 

Interestingly, CNCCs begin to express cardiomyocyte specific marker myl7:nucGFP  

immediately upon integration into the heart. I also show that ablated NCCs are squeezed out of 

the heart rather than being engulfed by neighboring tissues. Morphology and organization of 

CNC derived cardiomyocytes suggests involvement in trabeculation, and adult cardiomyocytes 

contribute to the myocardial layer of all chambers of the zebrafish heart. 

 

 

 

 

 

 

 

 

 

 

 

 

12 
 



Fig. 1-1. Signaling among the CNC, SHF, and pharyngeal endoderm are required for 

proper OFT development 

A) FGF signaling from the pharyngeal ectoderm and endoderm (dashed arrow) are required for 

CNC survival, while autocrine FGF signaling within the SHF helps to regulate CNC behavior and 

migration (solid arrow). The signaling molecules required for direct communication between the 

SHF and CNC are not currently known. At the same time CNCCs help to regulate the levels of 

FGF signaling received by the SHF to allow for proper differentiation of SHF derived myocardial 

cells in the OFT (bar). The exact mechanism through which CNCCs regulation FGF levels is 

unknown (?), however it is speculated that they act as a physical buffer. 
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CHAPTER 2 

TWO DEVELOPMENTALLY DISTINCT POPULATIONS OF NEURAL CREST CELLS 

CONTRIBUTE TO THE ZEBRAFISH HEART 

 

A. Abstract 

Cardiac neural crest cells (CNCCs) are essential for outflow tract remodeling in animals 

with divided systemic and pulmonary circulatory systems, but their contributions to cardiac 

development in animals with a single-loop circulatory system are less clear. Here we genetically 

labeled neural crest cells and examined their contribution to the developing zebrafish heart.  We 

identified two populations of CNCCs that contribute to distinct compartments of zebrafish 

cardiovascular system at different developmental stages. A stream of CNCCs migrating through 

pharyngeal arches 1 and 2 integrates into the myocardium of the primitive heart tube between 

24 and 30 hours post fertilization and gives rise to cardiomyocytes.  A second wave of CNCCs 

migrating along aortic arch 6 envelops the endothelium of the ventral aorta and invades the 

bulbus arteriosus after three days of development. Interestingly, while inhibition of FGF 

signaling has no effect on the integration of CNC to the primitive heart tube, it prevents CNCCs 

from contributing to the outflow tract, demonstrating disparate responses of these cells to FGF 

signaling. Furthermore, NC ablation in zebrafish leads to multiple cardiac defects, including 

reduced heart rate, defective myocardial maturation and a failure to recruit progenitor cells from 

the second heart field. These findings add to our understanding of the contribution of CNCCs to 

the developing heart and provide insights into the requirement for these cells in cardiac 

maturation.  
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B. Introduction                                                                                                                                                                                                           

Neural crest cells (NCCs) are a population of epithelial-derived cells specified in the 

dorsal-most region of the neural tube. These cells migrate throughout the developing embryo to 

give rise to a wide variety of cell types, including smooth muscle, melanocytes, neurons, thymus 

and elements of the craniofacial skeleton [1, 2]. A subset of NCCs termed Cardiac NCCs 

(CNCCs) contributes to the heart. In chick and mouse, these cells originate between the otic 

vesicle and the third somite, migrate along a dorsolateral path and enter pharyngeal arches 3, 4, 

and 6 where they envelop the endothelium of aortic arch arteries and give rise to the smooth 

muscle layer of the great vessel [3, 4]. Some CNCCs continue to migrate into the cardiac 

outflow tract (OFT) cushion to divide the common arterial OFT into the aorta and pulmonary 

trunks [3, 4]. Consistent with the contribution of CNCC to these structures, mechanical ablation 

or genetic disruption of cardiac neural crest (CNC) development leads to ventricular septal 

defects, double outlet right ventricle, and persistent truncus arteriosus [5, 6].  

As they migrate through the pharynx, CNCCs interact extensively with neighboring 

tissues via a wide range of signaling molecules.  FGF8 is one such signaling molecule 

expressed in multiple tissues in the pharyngeal apparatus to support the survival and migration 

of CNCCs [7, 8]. While knocking out FGF signaling in CNCCs does not lead to CNC defects [9], 

loss of FGF8 expression in the pharyngeal ectoderm and endoderm [8], or tissue specific 

interference of FGF signaling in the second heart field (SHF) mesoderm [9] are sufficient to 

disrupt CNCC contribution to the heart in mouse, further supporting FGF as a critical signal 

mediating CNC contribution to the cardio vasculature.  

The zebrafish heart originates from the fusion of bilaterally positioned primordia at the 

midline, which then elongates into a tubular structure [10]. Cardiac progenitor cells from the 

SHF subsequently contribute to the developing heart through the poles; the arterial half of the 

ventricle is primarily descended from the SHF by 2 days post fertilization [11, 12]. These 
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morphogenic events are very similar to those observed in other vertebrates. In contrast, the 

contribution of CNCCs to the developing zebrafish heart shows many unique features. Early 

lineage mapping analyses revealed that zebrafish CNCCs originate between rhombomere 1 and 

the 6th somite, a region significantly broader than those observed in chick and mouse [13].  

Interestingly, some of these cells directly contribute to the myocardium [13-15]. This feature has 

not been noted in other vertebrates and the precise time and location of CNC integration as well 

as the significance of these CNC-derived cardiomyocytes in heart development have not been 

described. Furthermore, CNC participates in the formation of the septal complex of the OFT and 

gives rise to smooth muscle cells surrounding the distal portion of OFT in birds and mammals 

[3, 4].   The fish has a single-loop circulatory system and thus does not require OFT septation. 

Whether CNCCs still contribute to OFT development in fish is yet to be determined. 

In this study, we generated transgenic lines to facilitate lineage tracing and found that 

CNCCs contributed to the cardiovascular system at two distinct developmental stages.  A 

stream of CNCCs migrating through pharyngeal arches 1 and 2 integrates into the heart tube 

and adopts a myocardial fate between 24 to 30 hours post fertilization (hpf).  Not until 50 hours 

later does a second wave of CNCCs, primarily migrating along the 6th pharyngeal arch artery, 

surround the ventral aorta and invade bulbus arteriosus. The two waves of CNCCs show 

disparate responses to FGF signaling; inhibiting FGF signaling does not affect the integration of 

CNCCs to the primitive heart tube, but abolishes CNC addition to the OFT indicating a 

conserved regulatory circuit in OFT development. Furthermore, ablation of NCCs leads to 

defects in myocardial maturation and prevents recruitment of cardiac progenitors from the SHF.  

 

C. Materials and Methods 

 

Transgenic construct 
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            Transgenic lines were created using the Tol2kit system [16]. For the 

sox10:GAL4,UAS:Cre construct, the sox10 promoter (-5kb) [17] was amplified from zebrafish 

genomic DNA and cloned into the 5’ Gateway entry vector (p5E) along with GAL4. UAS:Cre-pA  

was cloned into the middle entry vector pME. These entry clones and the 3’ entry vector (p3E) 

containing BFPpA were subjected to the multisite recombination reaction to the pDestTol2pA2 

destination vector by LR clonase II Plus (Life Technologies, Carlsbad, CA) to generate the 

transgene construct flanked by Tol2 sites.  

 

In situ hybridization 

Embryos for in situ hybridization were raised in embryo medium (5 mM NaCl, 0.17 mM 

KCl, 0.33 mM CaCl₂, 0.33 mM MgSO₄) supplemented with 0.2 mM 1-phenyl-2-thiourea to 

maintain optical transparency. Whole-mount in situ hybridization was performed as described 

previously [18]. The antisense RNA probes used in this study include ltbp3 (Kindly provided by 

J. Burns) [11] and tbx2b [19]. 

 

Antibody staining 

Embryos were fixed in 4% PFA in PBS at 80 hpf. The fixed embryos were permeabilized 

with acetone for 5 min at room temperature, incubated in primary antibody (1:1000 mouse anti-

α-actinin IgG1, Sigma-Aldrich, St. Louis, MO) in blocking solution (20mg/mL BSA in PBDT) 

overnight at 4 °C followed by detection with fluorescent secondary antibodies (1:150 goat anti-

mouse IgG1-Alexa Fluor 647, Life Technologies, Carlsbad, CA).  

 

Imaging 

Embryos were fixed in 4% PFA and embedded in 1% agarose for whole mount images, or 

embedded in 4% low melting agarose and cut into 100 μm sections with a Leica VT1000S 
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vibratome for tracing NCCs at early stages of heart development [20]. Confocal images were 

acquired using a Carl Zeiss Laser Scanning Systems LSM510 equipped with 20× water or 63× 

water immersion objectives, unless otherwise specified. Images were analyzed using the Zeiss 

LSM Image Browser version4, Zen 2009, and Image J.  

 

Nitroreductase mediated ablation 

Embryos were soaked in 10mM metronidazole (Mtz) in embryo medium from 4 to 48 hpf 

[21]. The extent of NC ablation was assessed by the loss of mCherry positive cells in the heart 

at 48 hpf.  For each experiment, untreated siblings and Mtz-treated UAS:NfsB-mCherry (-) 

embryos served as controls.  

 

Kaede conversion 

Photoconversion was achieved by exposing embryos double transgenic for NC:NfsB-

mCherry and myl7:kaede (kindly provided by D. Yelon) to UV light at 26 hpf on a Zeiss Axioplan 

microscope equipped with a DAPI filter set until there was a strong red signal and no detectable 

green fluorescence remained [22]. Embryos were then treated with Mtz from 4-48 hpf to ablate 

neural crest cells. NC-ablated embryos with reduced ventricle size were selected and fixed at 60 

hpf for confocal imaging using a LSM 700 Imager M2 equipped with 40x water objective. 

 

Chemical treatment 

SU5402 (Sigma-Aldrich, St. Louis, MO) was diluted to a working concentration of 5 μM in 

embryo medium. Up to 10 embryos per well of a 24-well plate were treated for discrete periods 

of time in the dark at 28.5°C. After treatment, embryos were washed three times in embryo 

medium and raised in new plates with fresh embryo medium for analysis at 60 and 96 hpf. 

Control embryos were treated with a corresponding dilution of DMSO in embryo medium [23].  
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D. Results 

Generation of Sox10 neural crest tracing lines 

To examine the contribution of neural crest cells to the cardiovascular system, we fused 

the ~5kb NC-specific sox10 promoter to GAL4 and UAS-Cre (Fig. 2-1A) [15, 17, 24] and 

generated two stable lines, Tg(NC:NfsB-mCherry) and Tg(NC:mCherry) (Fig. 2-1A). 

NC:NfsB-mCherry is double transgenic for sox10:GAL4-UAS-Cre and UAS:NfsB-

mCherry [25], in which Nitroreductase-mCherry fusion protein is produced in sox10 positive 

cells allowing lineage tracing (by mCherry) and chemical-induced cell ablation (via 

Nitroreductase activity) [25]. We detected mCherry positive NCCs in NC:NfsB-mCherry embryos 

as early as the 16-somite stage (ss) and observed a significant number of mCherry-labeled 

NCCs in the developing head and in the trunk by 20ss (Fig. 2-1B) [15, 24]. In addition, mCherry 

positive NC-derived cells were detected in the developing heart (Figs. 2-2, 2-3), confirming 

previous reports that some neural crest-derived cells contribute to the zebrafish heart [13-15, 

26, 27]. 

The mCherry signal in NC:NfsB-mCherry begins to diminish by 72hpf preventing the 

analysis of CNC contribution at later developmental stages. To overcome this problem, we 

generated Tg(NC:mCherry), a double transgenic line for the sox10:GAL4-UAS-Cre transgene 

and the ubi:Switch reporter (Fig. 2-1A) [28]. In NC:mCherry, the fluorescent labeling of sox10 

expressing cells undergoes a permanent green to red switch allowing lineage tracing of NC-

derived cells.  At 48 hpf, we observed weak mCherry signals in NC:mCherry hearts with a 

pattern matching that observed in NC:NfsB-mCherry embryos (not shown). As development 

proceeds, the mCherry signal strengthens. By 108 hpf, mCherry positive cells were observed in 

all known NCC-derived tissues, including most elements of the craniofacial skeleton as 

previously reported (Fig. 2-1C) [27], as well as the heart (Figs. 2, 3) and the OFT (Fig. 2-4). 

Together NC:NfsB-mCherry and NC:mCherry transgenic fish allow for tracing of CNC-derived 
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cells in the cardiovascular system from early embryonic stages to adulthood. In this study, we 

used NC:NfsB-mCherry to examine CNC contribution to the developing heart in the first 3 days 

of development and used NC:mCherry for the analysis at later developmental stages. 

 

Neural crest cells differentiate into cardiomyocytes 

 To determine the timing of NC contribution to the heart and whether these cells adopt a 

cardiac fate, we crossed NC:NfsB-mCherry to myl7:nucGFP, a reporter line in which myocardial 

cells express nuclear GFP. At 17 hpf, a small number of NCCs migrating through pharyngeal 

arches 1 and 2 began to approach the bilaterally positioned cardiac precursors (Fig. 2-2A-C). 

When cardiac precursors merge at the midline, an increasing number of NCCs came in close 

proximity to the heart (Fig. 2-2D-F). However, these cells had not yet integrated into the heart or 

expressed nuclear GFP.  We began to observe the integration of NC-derived cells into the heart 

at 24 hpf, when the heart tube elongates and jogs to the left. These cells soon became nucGFP 

positive indicating that they had adopted a myocardial fate (Fig. 2-2H-J). In the next 6 hours, we 

observed active contribution of CNCCs along the primitive heart tube without apparent bias 

between the atrium and ventricle (Figs. 2-2G-G’’ and 2-3A-A’’). The number of NC-derived cells 

in the heart became static after 30 hpf (Fig. 2-3D), indicating that the active phase of CNC 

contribution had ceased. Interestingly, the CNC-derived cardiomyocytes became restricted to 

the base of the ventricle, AV boundary, and the proximal atrium at 48 hpf (Fig. 2-3B-C’’), a 

timing that correlates with the addition of cardiomyocytes from the SHF [11, 12, 29]. 

 

Neural crest cells contribute to the ventral aorta and bulbus arteriosus  

 Using the NC:mCherry fish, we found that CNCCs enveloped the endothelium of the 

ventral aorta (VA) and invaded the bulbus arteriosus (BA) around 80 hpf, approximately 50 
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hours after CNCCs finished contributing to the heart tube.  To better examine this process, we 

crossed Tg(NC:NfsB-mCherry) and Tg(NC:mCherry) into the kdrl:GFP transgenic line, in which 

endothelial cells are marked by GFP [30].  At 60 hpf, the VA is very short and the BA is small 

(Fig. 2-4A).  At this stage, a few NCCs began to migrate out of the 6th aortic arch artery toward 

the heart along the endothelium of the VA (Fig. 2-4A-A’’). By 80 hpf, when the VA has elongated 

and the BA becomes more pronounced, a significant number of mCherry positive cells began to 

encircle the endothelium of VA (Fig. 2-4B-B’’).  At 108 hpf, the endothelial layer of the VA was 

fully surrounded by NC-derived cells and a small number of CNC began to populate the BA (Fig. 

2-4C-C’’), resembling the pattern observed in other vertebrate models [3, 4, 31]. NC contribution 

to the VA and BA persist through adulthood (Fig. 2-S1). 

 

Cardiac neural crest contribution to the outflow tract requires FGF signaling 

FGF signaling interacts extensively with NCCs in the pharyngeal arches [8, 32-35]. To 

determine the impact of FGF signaling on CNC contribution to the cardiovascular system, we 

treated NC:NfsB-mCherry and NC:mCherry embryos with SU5402, a potent inhibitor of 

fibroblast growth factor receptor (FGFR), from 16 ss to 48 hpf [36] (Fig. 2-5A). Consistent with 

previous reports, embryos treated with SU5402 developed diminutive ventricles and had 

defective pharyngeal arches (Fig. 2-S2A-B) [23, 33-35]. Interestingly, even though the SU5402-

treated heart became dysmorphic, CNCCs still integrated into the heart and adopted a 

myocardial fate (Fig. 2-5E-F’’).  NC-derived cells surrounding the VA and BA, on the other hand, 

were drastically reduced (Fig. 2-5A-B, Fig. 2-S2C-D’’).  To exclude the possibility that this is 

secondary to the loss of pharyngeal vasculature and VA, we treated NC:mCherry embryos with 

SU5402 from 42 hpf until 48 hpf. The pharyngeal vasculature of embryos subjected to this 

shortened treatment was intact, but NC-derived cells were severely reduced in the OFT (Fig. 2-

5A-D’’). These findings demonstrate a differential requirement for FGF signaling in CNC 
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contribution to the heart and the OFT; FGF signals are required for the contribution of CNCCs to 

the VA and BA but are dispensable for those contributing the cardiac chambers. 

 

Neural crest ablation perturbs cardiac function and morphology 

 Nitroreductase converts the pro-drug metronidazole (Mtz) to a toxic form [21].  In 

NC:NfsB-mCherry embryos, the sox10 promoter drives the production of Nitroreductase in 

NCCs allowing the ablation of NfsB-mCherry positive cells.  NC:NfsB-mCherry embryos treated 

with Mtz showed a nearly complete absence of mCherry positive cells in the heart (Fig. 2-6A-B’’) 

as well as a reduction in pigment and defects in craniofacial development (data not shown); a 

phenotype consistent with the loss of NC cells [37]. 

 NC ablation did not appear to affect the formation of the primitive heart tube, but the 

heart rate of NC-ablated embryos became depressed by 33 hpf (Fig. 2-6C). After two days of 

development, the ventricle of NC-ablated embryos was significantly smaller and had a reduced 

number of myocardial cells compared to the control embryos (Fig. 2-6A-B’’, D). The 

differentiation of the AV boundary was also defective as evident in the expanded expression 

domain of tbx2b (Fig. 2-6E-F) [19].  Normally, zebrafish ventricular cardiomyocytes undergo 

characteristic cell shape changes as they mature, with myocardial cells in the outer curvature 

elongating to assume a more wedge shape, while cells closer to the AV canal maintain a more 

cuboidal morphology (Fig. 2-6G-G’) [38]. We measured the ratio of the longest and shortest 

axes of myocardial cells.  In NC-ablated embryos, myocardial cells in both the outer and inner 

curvature maintain a cuboidal morphology (Fig. 2-6H-H’) and the differences between outer and 

inner curvature cells were lost (Fig. 2-6I), indicating myocardial maturation defects. In addition to 

myocardial defects, NC ablation also leads to defects in elongation of the VA and formation of 

the BA (Fig. 2-S3). 
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Neural crest ablation abolishes the recruitment of cells from the SHF 

We showed that CNC-derived cardiomyocytes account for about 10% of total 

cardiomyocytes in 2-day-old embryonic hearts (Fig. 2-3D), but there was an approximately 30% 

reduction of cardiomyocytes in NC-ablated ventricles (Fig. 2-6D). In zebrafish, cardiac 

progenitor cells from the SHF are added to the primitive heart tube from both poles and loss of 

SHF contribution results in a small ventricle [12, 39]. Studies in chick and mouse have also 

observed an association between NCCs and the recruitment of OFT myocardium from the SHF 

[11, 40]. We thus examined whether the small ventricle phenotype observed in NC-ablation 

embryos was due to SHF defects. Ltbp3 is a well-characterized SHF marker whose expression 

is quickly downregulated as SHF cardiac progenitor cells differentiate and migrate into the heart 

[11].  At 24 hpf, ltbp3 expression was comparable between control and NC-ablated embryos, 

demonstrating that NCCs are not required for SHF specification.  Interestingly, by the time when 

ltbp3 expression was diminished in control embryos, its expression persisted in NC-ablated 

embryos (Fig. 2-7A, B), raising an intriguing possibility that SHF cardiac progenitors fail to 

differentiate and contribute to the heart.   

To further evaluate the extent of SHF contribution to NC-ablated hearts, we took the 

advantage of the myl7:kaede fish in which photo convertible Kaede is expressed specifically in 

cardiomyocytes [12]. We photo converted the Kaede protein from green to red in the heart tube 

at 26 hpf.  By 60 hpf, the arterial end of the ventricle in control embryos was marked by green 

fluorescing Kaede alone, whereas the entire ventricle of NC-ablated embryos was marked by 

red fluorescing Kaede (Fig. 2-7E-F’’) demonstrating a loss of SHF contribution to the heart.  
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E. Discussion 

The contribution of NCCs to the myocardium of the zebrafish heart has been noted for 

more than a decade [13, 14]. However, the precise timing of CNC integration and the 

requirement of these cells for heart development and function are largely unknown. In this study 

we created two transgenic lines using GAL4-UAS and Cre-lox labeling systems to investigate 

CNC contribution to the zebrafish heart.  We show that CNCCs contribute to two distinct 

compartments of zebrafish cardiovascular system at different developmental stages. A stream 

of CNCCs integrates into the primitive heart tube between 24 and 30 hpf and adopts a cardiac 

fate.  Another wave of CNCCs migrating out of aortic arch 6 surrounds the endothelium of the 

VA and populate supporting cells around the BA by 108 hpf. Interestingly, these two populations 

of CNCCs show disparate responses to FGF signaling; the first-wave CNCCs do not respond to 

FGF signaling whereas the second-wave CNCCs populate the OFT in an FGF-dependent 

manner. Furthermore, we assessed the requirement for NCC in cardiac development and 

observed defects in myocardial maturation and cardiac function in NC-ablated embryos.  

In addition to the septation complex, CNCCs give rise to the smooth muscle layer of the 

distal portion of OFT in chick and mouse models [4, 41]. The contribution of CNCCs to the great 

vessels leading out of the heart has not been examined in zebrafish, in part due to the need of 

genetic tools to trace these cells. Using NC:mCherry, we permanently marked NCCs with 

mCherry and observed a previously unappreciated population of CNCCs. These cells migrate 

through aortic arch 6 in response to FGF signaling and envelop the endothelium of the VA and 

the distal portion of the BA by 4 dpf, a timing similar to the appearance of acta2- and 

transgenlin/SM22-positive mural cells in the VA [42, 43]. Whether the sox10 positive CNC-

derived cells differentiate into smooth muscles in the zebrafish awaits further investigation.  

However, the observation that ablating a neural crest population by FoxD3 and TFAP2 

30 
 



mopholinos reduced the mural cell coverage in the VA raises an intriguing possibility that mural 

cells in the OFT are of neural crest origin [43].  

NCCs are pluripotent and differentiate to a wide variety of cell types. Their contribution to 

the myocardial layer has long been noted in fish [13, 14], but the precise timing of when these 

cells contribute to the heart and the distribution of these cells in the zebrafish heart have been 

elusive.  In this study, we used the GAL4-UAS system to drive strong mCherry signals in sox10 

expressing cells and found that CNC-derived cells integrate into the myocardial layer along the 

entire primitive heart tube and adopt a myocardial fate between 24 and 30 hpf.  After the 

addition of SHF-derived cardiomyocytes, these cells become restricted to the middle section of 

the heart, suggesting that CNC-derived cells do not migrate extensively once they integrate into 

the heart tube. These cells differ from those CNCCs characterized in chick and mouse in that 

they originate from a broader range of embryonic tissues [13], migrate through more anterior 

pharyngeal arches (I and II) (Fig. 2-2) and do not require FGF signaling (Fig. 2-5). It is 

interesting to note that lineage studies using the PO1 promoter in mice detected a small 

population of undifferentiated NC-derived cells nested in the myocardium of both atria and the 

left ventricle [44, 45].  These PO-1 derived cells have the potential to differentiate into 

cardiomyocytes upon injury and they are excluded from the SHF-derived right ventricle, echoing 

our observations [44, 45]. It would be of great interest to evaluate whether the PO1-derived NC 

cells represent a mammalian counterpart of the CNC-derived myocardial cells observed in the 

fish model. 

NCC ablation results in a slower heart rate and a loss of the SHF-derived 

cardiomyocytes in the ventricle. The persistent expression of ltbp3 in NC-ablated fish embryos 

suggests that the SHF mesoderm failed to differentiate into the myocardial fate in the absence 

of NCCs. This phenotype resembles the defect in recruiting SHF-derived myocardium to OFT in 

mouse and chick NC-deficient models [46-48]. Elevated FGF8 signaling was observed in CNC-
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ablated chick embryos and blocking FGF signaling was sufficient to restore the OFT 

myocardium [48], suggesting that these defects are in part mediated by FGF signaling in the 

pharynx. It would be of great interest to evaluate whether similar signaling events between 

CNCCs and the SHF mesoderm also govern zebrafish heart development. Furthermore, the 

expanded tbx2b expression domain at the AV boundary and the failure of outer curvature 

cardiomyocytes to assume a characteristic wedge shape indicate defects in the maturation of 

the myocardium [19, 38]. Future studies on whether CNCCs directly regulate the differentiation 

of the AV boundary and the remodeling of the developing ventricle would provide new insights 

into the biological requirement of CNCCs in heart development. 
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Fig. 2-1.  sox10 transgenic constructs and expression in zebrafish. 

(A) Schematic representation of transgenic strategy used to generate NC:NfsB-mCherry and 

NC:mCherry lines. (B) Confocal image of NC:NfsB-mCherry fish at 19 hpf. The mCherry positive 

cells are found in the pharyngeal arches, cranial neural crest, and trunk neural crest (box 

enlarged in inset). (C) Ventral view of the anterior region of NC:mCherry; kdrl:GFP embryo at 

108 hpf. The mCherry positive cells are observed in craniofacial structures, as well as the 

ventral aorta (open arrowhead) and the heart (closed arrowhead).  bh, basihyal; bsr3, 

branchiostegal ray 3; chb, ceratohyal; d, dentea; mx, maxilla; Mk, Meckel’s cartilage; op, 

opericle; pq, palatoquadrate. Scale bars = 100 µm. 
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Fig. 2-2. Neural crest cells contribute to the primitive heart tube. 

(A-J) Confocal images of NC:NfsB-mCherry; myl7:nucGFP embryos.  Sox10 positive cells are 

marked by mCherry and myl7 positive cardiomyocytes express nuclear GFP. At 17 hpf (A-C) 

and 20 hpf (D-F) mCherry+ cells are in close proximity of the heart and have not adopted a 

myocardial fate (open arrowhead). (G-I) At 24 hpf, some mCherry+ cells have integrated into 

the primitive heart tube and express nucGFP (closed arrowhead) while those mCherry+ cells 

adjacent to the heart do not (open arrowheads). (J-J’’) Dorsal view of the anterior region of the 

same embryo in G, showing mCherry+ cells migrating out of PA1 (open arrowhead). (A,D,G,J) 

Confocal projections of vibrotome sections, scale bar = 20µm. (B,E,H) Single confocal section, 

scale bar = 5 µm. (C,F,I) Orthogonal reconstruction, scale bar = 5µm. PA1, pharyngeal arch 1; 

PA2, pharyngeal arch 2. 
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Fig. 2-3. Distribution of neural crest-derived cardiomyocytes in developing zebrafish 
heart. 

(A-C’’) Confocal projections of NC:NfsB-mCherry; myl7:nucGFP embryonic hearts at 30 hpf (A-

A’’), 60 hpf (B-B’’), and 78 hpf (C-C’’).  (A-A”) NC-derived mCherry positive cells are distributed 

along the primitive heart tube at 30 hpf. (B-C”) As development progresses, mCherry+ cells 

become excluded from the poles of the heart. Scale bar = 20 µm. (D) Quantification reveals no 

significant difference in the number of NC-derived cardiomyocytes between 30, 60 and 78 hpf. 

Graph indicates mean and standard deviation. ns, not significant. 
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Fig. 2-4. Neural crest-derived cells surround the endothelium of the ventral aorta and 
bulbus arteriosus. 

(A-A’’) A confocal projection of BA and VA of a NC:NfsB-mCherry; kdrl:GFP embryo at 60 hpf. 

Arrowheads point to cNCCs migrating onto the VA from the 6th aortic arch artery. (B-C’’) 

Confocal projections of BA and VA of a NC:mCherry; kdrl:GFP embryo at 80 hpf (B- B’’’) and 

108 hpf (C- C’’’) shows the progression of mCherry+ cells migrating along the VA.  A’’’, B’’’ and 

C’’’, Single z section of area boxed in A”, B’’ and C”, respectively. Brackets mark the ventral 

aorta (VA); BA, bulbus arteriosus; PAA6, pharyngeal arch artery 6, scale bar = 20µm.  
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Fig. 2-5.  Requirement for FGF signaling in neural crest contribution to the heart. 

(A) Experimental design and results for FGF inhibition using SU5402. NC contribution to cardiac 

chambers was not affected by FGF inhibition at any time point, while NC contribution to the VA 

and BA was reduced by FGF inhibition. +, mCherry cells present; -, mCherry cells absent; +/-, 

drastically reduced mCherry cells. (B) Graphical representation of NC contribution to the BA/VA 

in control and SU5402 treated embryos. High, embryos with full coverage of NC-derived cells in 

the VA and some mCherry positive cells in the BA; medium, embryos with patchy coverage of 

NC-derived cells in the VA or no cells in the BA; low, embryos with sparse coverage of NC-

derived cells along the VA; none, embryos without mCherry positive cells in the VA. (C-D’’) 

Confocal projections of the BA and VA in DMSO-treated control (C-C’’) and SU5402-treated 

NC:mCherry; kdrl:GFP embryos. (D-D’’) Representative image of low levels of NC contribution 

in embryos subjected to SU5402 treatment from 42 to 48 hpf. (E-F’’) Confocal projections of 

DMSO-treated control (E-E’’) and SU5402-treated (from 16 to 48 hpf, F-F”) NC: mCherry; 

myl7:GFP embryos, showing similar amount of NC-derived cardiomyocytes. A, atrium; V, 

ventricle. 
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Fig. 2-6. Neural crest ablation affects cardiac function and morphology. 

(A-B’’) Confocal projection of hearts from untreated control (A-A’’) and Mtz-treated (B-B’’) 

NC:NfsB-mCherry; myl7:nucGFP embryos. Note that Mtz-treated embryos had smaller 

ventricles. Arrowheads point to dying NCCs in surrounding tissues. (C) Graph indicates mean 

and standard deviation of heart rate at 33 hpf, measured in beats per min, in Mtz-treated NfsB-

mCherry (-) controls and Mtz-treated NfsB-mCherry (+) NC-ablated embryos. n=10 (D) Graph 

indicates mean and standard deviation of ventricle length at 48 hpf, measured in µm from apex 

to outflow (n=6), and ventricular myocardial cell number at 72 hpf in control and NC-ablated 

embryos (n=3). (E,F) In situ hybridization for tbx2b at 60 hpf in control (E) and NC-ablated 

embryos (F). Note that tbx2b expression domain is expanded in NC-ablated embryos. (G, H) 

Confocal projections of 80 hpf ventricles immunostained with membrane marker Zn8 from 

control (G) and NC-ablated embryos (H). (G’, H’) Traces of cell shape from the images shown in 

G and H with outer curvature cells in green and inner curvature cells in blue. (I) Quantification of 

the elongation of myocardial cells in control and NC-ablated embryos, measuring the ratio 

between the longest and shortest axis of each myocardial cell. n=4 embryos NC-ablated 

embryos display a significant defect in elongation of myocardial cells in the outer curvature. ** p 

< 0.05, *** p < 0.001 
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Fig. 2-7. Requirement for neural crest cells in the recruitment of second heart field 
progenitors. 

(A-D) In situ hybridization for ltbp3 in control (A) and NC-ablated embryos (B). Ltbp3 expression 

is observed in both control and NC-ablated embryos at 24 hpf. By 36 hpf, ltbp3 expression is 

down- regulated in control, but is persistent in NC-ablated embryos. Dashed lines indicate 

location of heart. (C-D’’) Single z sections of ventricles from Mtz-treated NfsB-mCherry (-); 

myl7:kaede control embryo (C-C’’) and Mtz-treated NfsB-mCherry (+); myl7:kaede NC-ablated 

embryos (D-D’’) at 60hpf. Kaede protein photo converted at 26 hpf are fluorescent in red 

whereas newly produced protein are in green. Note that ventricular cardiomyocytes at the 

arterial end express green Kaede whereas red Kaeda proteins are present throughout the 

myocardium in NC-ablated embryos, indicating a defect in the recruitment of second heart field 

progenitors. 
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Supplemental Fig. 2-1. Neural crest contribution to the adult bulbus arteriosus and 
ventral aorta 

A-A’’) A confocal projection of whole mount BA and VA dissected from a 2 month old 

NC:mCherry zebrafish demonstrates the presence of mCherry positive (red) NC derived cells in 

the VA and arterial portion of the BA. B-B’’) A confocal projection of a second BA and VA shows 

that NC:mCherry positive cells occupy the smooth muscle layer surrounding the VA. C-C’’) 

Higher magnification reveals organization an morphology of NC:mCherry cells in the vessel 

demonstrating that along with NC:mCherry negative cells, NC:mCherry positive cells in this 

region are organized into alternating layers of circular and longitudinal cells, typical of smooth 

muscle cells in the tunica media of arteries. 
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Supplemental Fig. 2-2. FGF inhibition recapitulates previously reported FGF phenotype 

(A-B) Confocal projection of the anterior region of NC:NfsB-mCherry; myl7:nucGFP embryo 

treat with DMSO (A) or SU5402 (B) from 16-48 hpf. Inhibition of FGF signaling by SU5402 

treatment resulted in a small ventricle and diminished NC contribution in the pharynx PA1 and 

PA2. Brackets indicate more posterior PAs. Scale bar = 40µm. (C-D’’) Confocal projection of the 

ventral view of NC:mCherry; kdrl:GFP embryos at 72 hpf. Scale bar = 20µm. (C-C’’) In DMSO-

treated control embryos, the VA and BA are clearly defined and have normal contribution from 

mCherry positive cells. (D-D’’) SU5402 treatment perturbed VA and BA formation and abolished 

the contribution of mCherry positive in the region. Brackets indicate the ventral aorta (VA). BA, 

bulbus arteriosus; V, ventricle.  
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Supplemental Fig. 2-3. Ablation of neural crest cells leads to abnormal vasculature 

A) By 80 hpf in control embryos the BA can be distinguished as a thickened region of 

endothelium (star), and the ventral aorta has begun to extend anteriorly. B) In NC ablated 

embryos the BA is either entirely absent of severely underdeveloped (star), and the VA has not 

elongated at all. C) In control embryos the VA is elongated at 104 hpf. D) In NC ablated 

embryos the ventral aorta is entirely absent. 
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CHAPTER 3 

SIGNALING AND CARDIAC NEURAL CREST CELLS IN ZEBRAFISH 

 

A. Abstract 

 In chapter 2 I demonstrated that CNCCs are required for addition on cells from the SHF 

to the myocardium. Additionally I found that inhibition of FGF signaling is not required for 

migration of myocardial fated CNCCs and their contribution to the heart. In this chapter I will 

explore possible signals that may be involved in either guidance of myocardial fated NCCs to 

the heart or communication between CNCCs and the SHF. I find that loss of NCCs leads to and 

up regulation of SHF regulator bmp4 and a decline in tbx1 in the pharyngeal arches. 

Additionally, I show that myocardial fated NCCs are independent of Tbx1, but that inhibiting 

canonical Wnt signaling leads to an increase in the number of NC derived cardiomyocytes. 

Finally, I show that the expression pattern of sema3C suggests a role for this guidance cue in 

the migration of both myocardial fated CNCCs, and CNCCs which contribute to the ventral 

aorta. 

 

B. Introduction  

The relationship between the SHF and CNCCs is complex and entangled. Although 

much progress has been made in understanding the signals that help to coordinate addition of 

these two populations to the heart, there is still much that is unknown. Ablation of CNCCs in 

chick leads to defects in SHF contribution to the OFT myocardium due to elevated levels of 

FGF8 signaling [1]. It is hypothesized that CNCCs act as a buffer to absorb FGF8 signaling, and 

that loss of CNCCs therefore leads to an overabundance of FGF8 signaling to the SHF. 
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Additionally, FGF signaling is required in the SHF for the survival and migration of NCCs to the 

heart. The FGF dependent signaling which then occurs between the SHF and CNC remains 

unknown, however loss of FGF signaling in the SHF leads to disruption of signaling pathways 

that regulate CNC behavior [2]. (Illustrated in Fig. 1-1)  

Interestingly, loss of Fgf8 signaling leads to a decrease in bmp4 expression [3]. 

Therefore, it is possible that an increase in FGF signaling may lead to an increase in BMP4 

expression. Loss of BMP4 expression leads to an increase in expression of Isl1 [4], whereas 

over expression of BMP ligands leads to progenitor cell proliferation and an inappropriate switch 

to differentiation of progenitor cells [5-8], making BMP signaling a good candidate pathway that 

may be regulation NC mediated SHF addition to the heart. Another candidate that may be 

involved in loss of SHF contribution to the heart is Tbx1. Tbx1 expression in the SHF in chick 

and mouse is required to support proliferation of cardiac progenitors [9, 10]. Although in 

zebrafish tbx1 is not expressed in the SHF, loss of tbx1 expression in surrounding tissues leads 

to the same loss of proliferation in the SHF that is seen in mouse [11].  

The new transgenic lines described in Ch. 2 provide the opportunity to use zebrafish as 

a model to understand this complex relationship. I have shown that, as in chick [12], loss of 

CNCCs leads to a loss of addition to the myocardium from progenitor cells in the SHF. I also 

demonstrate that when CNCCs are ablated in zebrafish cardiac precursor cells remain 

undifferentiated in the SHF instead of contributing to the heart, a finding similar to what is 

reported in chick [13]. 

 My findings in Ch. 2 lead to additional questions relating to signaling in zebrafish CNC 

development. The discovery that the early wave of CNC which contributes to the myocardium is 

independent of FGF signaling raises further questions about how the migration and survival of 

this population is regulated. Another important factor in regulating CNC survival and migration in 

chick and mouse models is Tbx1 [14]. Tbx1 expression in the pharyngeal arches supports CNC 
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migration by regulating Gbx2 expression in the pharyngeal ectoderm, which leads to guidance 

via Slit2 to Robo1 expressing CNCCs [14]. To determine if a similar guidance pathway is 

needed by myocardial fated CNCCs I knocked down tbx1 expression using a morpholino (MO). 

To identify other signaling pathways which may be involved in regulating CNC contribution to 

the myocardium I performed a small chemical screen. Of all pathways tested only Wnt signaling 

had any apparent influence on CNC derived myocardial cell number. Wnt1 is expressed in 

developing CNCCs and is required for appropriate proliferation in pre-migratory CNCCs in 

mouse [15].  

Finally, it has been shown that Nrp2b is expressed CNCCs that contribute to the 

myocardium in zebrafish [16]. Nrp2b is a receptor for Sema3C, which is required for migration of 

CNCCs into the OFT [17]. Therefore Sema3C could potentially act as a guidance cue for 

myocardial fated CNCCs in zebrafish. 

In this chapter I explore the signaling involved in the development of both healthy and 

NC ablated zebrafish embryos. I find that ablation of NCCs leads to changes in expression 

levels of bmp4 and tbx1, suggesting that these molecules may contribute to the SHF phenotype 

observed in CNC ablated embryos. Additionally I find that MO knockdown of tbx1 has no effect 

on CNC contribution to the myocardium, whereas inhibition of Wnt signaling during migration of 

cardiomyocyte fated CNCCs leads to an increase of CNC derived cardiomyocytes in the heart. 

Finally, I show that Sema3C is expressed in a pattern that make it a potential candidate for 

guiding both waves of CNCCs to the heart. 

 

C. Methods 

Nitroreductase mediated ablation 
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Embryos were soaked in 10mM metronidazole (Mtz) in embryo medium from 4 to 48 hpf 

[18]. The extent of NC ablation was assessed by the loss of mCherry positive cells in the heart 

at 48 hpf. For each experiment, untreated siblings and Mtz-treated UAS:NfsB-mCherry-/- 

embryos served as controls. 

 

In situ hybridization 

Embryos for in situ hybridization were raised in embryo medium (5 mM NaCl, 0.17 mM 

KCl, 0.33 mM CaCl₂, 0.33 mM MgSO₄) supplemented with 0.2 mM 1-phenyl-2-thiourea to 

maintain optical transparency. Whole-mount in situ hybridization was performed as described 

previously [19]. The antisense RNA probes used in this study include fgf8, bmp4, tbx1, and, 

sema3C. Images were taken using a dissecting microscope and (camera/software). In some 

instances the head of 36 hpf embryos was removed prior to imaging for clearer visualization of 

the underlying mesoderm. 

 

Fluorescence Imaging 

Embryos were fixed in 4% PFA and embedded in 1% agarose for whole mount images, 

or embedded in 4% low melting agarose and cut into 100 μm sections with a Leica VT1000S 

vibratome for tracing NCCs at early stages of heart development [20]. Confocal images were 

acquired using a Carl Zeiss Laser Scanning Systems LSM510 equipped with 20× water 

immersion objectives. Images were analyzed using the Zeiss LSM Image Browser version4, 

Zen 2009, and Image J.  

 

Morpholino knock down 
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To knock down Tbx1 expression a previously verified MO, tbx1-MO, 5′-

GGGCTTGATATTGCTGAAATCATTC-3′, which is complementary to nucleotides 359–383 of 

zebrafish tbx1 cDNA [21] was injected at 8 ng per embryo. 

 

Chemical treatment 

Cyclopamine, XAV-969, SB31542, CHIR 99021, DAPT, and SU5402 (Sigma) were 

diluted to working concentrations as indicated in Fig. 5D in embryo medium. Up to 10 embryos 

per well of a 24-well plate were treated from 15 hpf until 30 hpf in the dark at 28.5°C. After 

treatment, embryos were washed three times in embryo medium and raised in new plates with 

fresh embryo medium for analysis at 60 and 96 hpf. Control embryos were treated with a 

corresponding dilution of DMSO in embryo medium [22]. 

 

D. Results  

Signaling changes in NC ablated embryos 

Considering the defects in SHF addition caused by NC ablation described in Ch. 2, I 

screened by in-situ hybridization for several signaling factors that may be involved in SHF 

development in NC ablated embryos. NCCs were ablated as described in the methods and 

embryos were fixed at various stages between 30 hpf and 72 hpf and used for in situ 

hybridization. 

At 30 hpf fgf8 is strongly expressed in the midbrain/hindbrain boundary. Ventral to this, 

there is also expression in the mesoderm near the OFT of the heart (Fig. 1 A). This location is 

similar to that of ltbp3 (Fig. 2-7a), suggesting fgf8 may be expressed in the SHF. Surprisingly, I 

did not see any change in fgf8 mRNA levels or expression domain in the mesoderm by in-situ 

hybridization at 30 hpf or 36 hpf (Fig. 1 A-F). At 36 hpf bmp4 is strongly expressed in the 
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developing heart tube and SHF. At this stage bmp4 expression is similar between NC ablated 

embryos and control (Fig. 2 A, D). By 48 hpf bmp4 expression becomes more restricted to the 

AV boundary and OFT of the heart. By 48 hpf levels of bmp4 mRNA are drastically higher in the 

mesoderm adjacent to the arterial pole of the heart in NC ablated embryos when compared to 

control (Fig. 2 B, E). This up-regulation persists at 60 hpf (Fig. 2 C, F). Notably, at 60 hpf in 

control embryos bmp4 is expressed in a condensed ring in the OFT, whereas in NC ablated 

embryos this ring of strong expression is absent and instead expression of bmp4 is seen at 

higher levels in the mesoderm adjacent to the OFT (Fig. 2 C, F). Indicating defects in OFT 

development. 

The earliest defect in signaling in NC ablated embryos was in tbx1 expression. tbx1 is 

strongly expressed in the pharyngeal arches from 30 hpf to 60 hpf (Fig. 3 A-C). At 30 hpf tbx1 

expression is significantly reduced in all pharyngeal arches in NC ablated embryos when 

compared to control (Fig. 3 A, D). Although by 36 hpf tbx1 expression is generally recovered, 

there is still a slight reduction in the expression level of tbx1 in the anterior pharyngeal arches 

(Fig. 3 B, E, G, I). Reduction in tbx1 expression in the anterior pharyngeal arches becomes 

more pronounced in NC ablated embryos at 48 hpf (Fig. 3 C, F, H, J).  

 

Signals which may affect migration of NC which contribute to myocardium to the heart 

 In Ch. 2 I demonstrated that CNCCs which contribute to the myocardial layer do not 

require FGF signaling for their migration or survival. This is in stark contrast to CNCCs fated to 

contribute to the OFT, and raises the question of how the migration and survival of CNCCs 

which contribute to the myocardium in zebrafish is regulated.  

Tbx1 MO hearts have a similar phenotype to that described in tbx1 mutants [21, 23], 

including a diminutive ventricle caused by loss of SHF contribution to the heart (Fig. 4 A, B). 
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However, CNCCs which contribute to the myocardial layer are capable of migrating to the heart 

in tbx1 MO, and do so in similar numbers to control (Fig. 4, A-B’’). 

 To determine which signaling pathways may be involved in regulating the migration of 

myocardial fated CNCCS to the heart I used known chemical agonists and antagonists for 

several pathways. The only pathway which had any effect on the contribution of CNCC to the 

myocardium was the Wnt signaling pathway (Fig. 4, D). To target the Wnt signaling pathway I 

used CHIR 99021, a Wnt agonists which acts by inhibiting GSK3, and XAV-939, an inhibitor of 

the canonical Wnt signaling pathway. Compared to DMSO treated controls there was no 

significant change in the number of CNC derived cardiomyocytes in CHIR 99021 treated 

embryos (Fig. 5 A-B’’, E). However, treatment with XAV-939 led to a small but statistically 

significant increase in the number of CNC derived cardiomyocytes (Fig. 5 A-A’’, C-C’’, E).  

 

 Sema3C expression 

 Nrp2b, a known co-receptor for Sema3C is expressed in migrating myocardial fated 

CNCCs [16]. To determine whether or not Sema3C has the potential to be involved in guiding 

CNCCs to the heart in zebrafish I performed in-situ hybridization for sema3c. At 30 hpf sema3c 

is expressed in the pharyngeal ectoderm as well as the developing myocardium (Fig. 6 A). By 

48 hpf I observed some lingering expression of sema3c in the heart as well as strong 

expression in the pharyngeal arches (Fig 6 B). Strong expression of sema3c is present in a ring 

near the OFT at 72 hpf (Fig. 6 C).  
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E. Discussion 

 In this chapter I found that while there is no change in expression of fgf8 in NC ablated 

embryos, there is a drastic up regulation of bmp4 and a loss of tbx1 expression, especially in 

the more anterior pharyngeal arches. Based on the rise in Fgf8 signaling in other species upon 

loss of CNCCs, I would have expected to see the same in my experiments. One possible 

explanation for this is that up regulation of Fgf8 signaling occurs at the protein rather than 

mRNA level. Another possibility is that in zebrafish the FGF responsible for regulating SHF 

development is Fgf10 rather than Fgf8. In previous studies connecting FGF signaling to SHF 

development in zebrafish FGF signaling was blocked using FGF antagonist SU5402, which 

inhibits all FGF signaling through FGFR1 from either ligand [17]. It is therefore not known which 

FGF ligand is important in zebrafish SHF development. 

 Initially up regulation of bmp4 was a puzzling effect of NC ablation when considered 

alongside my findings about SHF defects in NC ablate embryos. Overexpression of BMP 

ligands is typically associated with aberrant differentiation of cardiac precursors in the SHF, 

which is the opposite of what I found in Ch. 2, where I showed that loss of NCCs leads to 

retention of cardiac precursors in the SHF. However, it is important to note that up regulation of 

bmp4 does not occur until 48 hpf, a time point after the SHF has contributed to the heart in WT 

embryos. Therefore up regulation of bmp4 may instead be downstream of the SHF defects I see 

in NC ablated embryos. Up regulation of bmp4 expression also supports the idea that there still 

may be up regulation of FGF signaling in our model, despite unchanged levels of fgf8 mRNA, 

since loss of Fgf8 signaling leads to decreased bmp4 expression in other models. To further 

explore the role of these two signaling pathways in our NC ablation model it would be interesting 

to treat NC ablated embryos with chemical inhibitors of FGF or BMP signaling to see if it is 

possible to rescue the loss of SHF contribution by attenuating FGF and BMP signals.  
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 Tbx1 has been shown to be important at early stages of SHF development for the 

maintenance and proliferation of cardiac precursors in the SHF. Zebrafish mutant in tbx1 have 

SHF defects due to loss of precursor cells at an early stage. Although I observed decreased 

levels of tbx1 expression in NC ablated embryos, this is not the phenotype I observed in terms 

of the SHF. This is likely due to how early tbx1 is required for maintenance of cardiac precursors 

in the SHF. NC ablation is unlikely to have affected tbx1 levels at this time point, because death 

of the NC cells in our model does not occur until well after this time. One interesting possibility is 

that tbx1 has reiterative roles in SHF development, and in addition to being required for early 

maintenance of cardiac precursors, it is also required at a later step for differentiation of cardiac 

precursors and their contribution to the heart. Another possibility is that although tbx1 

expression is reduced in our NC ablated fish, this has no effect on SHF, and is a separate 

phenomenon. It would be interesting to attempt to rescue the SHF phenotype by overexpression 

of tbx1 however, logistically this would be difficult to do. 

 Interestingly, although tbx1 expression relies on CNCCs, the reverse is not true for 

CNCCS with a myocardial fate in zebrafish. This result is not surprising considering Tbx1 and 

FGFs are part of the same signaling network involved in supporting CNCC survival in chick and 

mouse. I speculate that later migrating CNCCs are reliant on Tbx1, similarly to their reliance on 

FGF signaling. The fact that early migrating CNCCs are independent of these pharyngeal 

signals is likely due to differences in timing and path of migration from late migrating CNCCs 

and CNCCs in other species.  

 Surprisingly, of all the signaling pathways manipulated through chemical treatment only 

Wnt signaling was important for CNC contribution to the myocardium. I cannot rule out 

involvement of any of the other pathways entirely without further investigation using different 

doses of the chemicals and different treatments. However, all embryos displayed defects 

expected by loss of each pathway. My experiment was designed to specifically look for 
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pathways which were involved in regulating the migration and survival rather than specification 

of myocardial fated CNCCs. Interestingly, canonical Wnt signaling is typically associated with 

pre-migratory CNCCs, and blocking Wnt signaling would lead to a reduction of CNCCs due to 

defects in proliferation. It is therefore surprising that later inhibition of Wnt signaling led to an 

increase in CNCC contribution to the myocardium. Further investigation is necessary to 

determine if this increase is due to a larger number of CNCCs being recruited to the 

myocardium, or an increase proliferation in CNC derived myocardial cells after arrival in the 

heart. Although later stages of CNC contribution to the heart are influenced by Wnt signaling, 

these steps are controlled by non-canonical Wnt signaling through Wnt5 and Wnt11, and the 

inhibitor used in this experiment is specific for canonical Wnt signaling. It is therefore unlikely 

that my experiment is recapitulating defects in these later Wnt signaling events.  

 sema3C expression in both the myocardium at 30 hpf and the OFT and pharyngeal 

arches at later stages make Sema3C an ideal candidate for guiding CNCCs in zebrafish. 

Although the expression domain, and expression of co-receptor Nrp2b is encouraging, it is 

necessary to perform further experiments to determine if Sema3C has the same role both 

waves of CNCCs in zebrafish. It would be informative to knock down sema3C expression using 

morpholinos and observe the behavior of CNCCs.  
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Fig. 3-1. fgf8 expression is unchanged in neural crest ablated embryos 

A-D) Dorsal view of whole mount embryos stained with fgf8 riboprobe, anterior toward top. At 30 

hpf in control (A) and NC ablated (C) fgf8 is expressed strongly in the midbrain hindbrain 

boundary (horizontal band). Ventral and slightly anterior to the midbrain hindbrain boundary fgf8 

is expressed in the mesoderm (arrowhead). At 36 hpf (B, D) the head has been removed for 

clearer visualization of fgf8 expression in the mesoderm. There is no change in fgf8 expression 

between Control and NC ablated embryos at either stage. 
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Fig. 3-2. bmp4 is increased in neural crest ablated embryos 

A-F) Dorsal view of whole mount embryos stained with bmp4 riboprobe, anterior toward top. A, 

D) At 36 hpf bmp4 is expressed in the developing heart tube and SHF equally in both control (A) 

and NC ablated (D) embryos. B) At 48 hpf in control embryos bmp4 is expressed at low levels in 

the ventricle, and at higher levels at the AV boundary and OFT. C) At 60 hpf bmp4 expression is 

restricted to the AV boundary and OFT. NC ablated embryos have strong expression of bmp4 in 

the mesoderm near the OFT of the heart at both 48 hpf (E) and 60 hpf (F), which is not present 

in control (C-D). At 60 hpf NC ablated embryos (F) do not have condensed bmp4 expression in 

the OFT as is seen in control (D). 
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Fig. 3-3. tbx1 expression is decreased in neural crest ablated embryos 

A-F) Dorsal view of whole mount embryos stained with tbx1 riboprobe, anterior toward top. G-J) 

Lateral view of whole mount embryos stained with tbx1 riboprobe, anterior toward left. A) At 30 

hpf tbx1 is expressed robustly in the pharyngeal arches in control embryos. B) Expression of 

tbx1 in the pharyngeal arches is severely reduced in NC ablated embryos. At 36 hpf expression 

of tbx1 in NC ablated embryos recovers (E, I) to levels similar to control (B,G). At 48 hpf 

expression of tbx1 is reduced in the anterior pharyngeal arches (bracket) in NC ablated 

embryos (F, J), when compared to control (C, H). 
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Fig. 3-4. Neural crest derived cardiomyocytes are independent of tbx1  

A-B’’) Confocal projections of 60 hpf NC:NfsB-mCherry, myl7:nucGFP hearts. Tbx1 MO hearts 

have a diminutive ventricle (B) compared to control (A) as previously reported. mCherry positive 

(red) NC derived cardiomyocytes contribute to the heart in similar numbers in tbx1 MO embryos 

(B-B’’) as control (A-A’’) indicating that NC contribution to the myocardium is independent of 

tbx1. 
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Fig. 3-5. Inhibition of Wnt signaling leads to an increase in neural crest derived 
cardiomyocytes 

A-B’’) Confocal projections of 72 hpf NC:NfsB-mCherry, myl7:nucGFP hearts. Compared to 

DMSO treated controls (A-A’’, E) there was no significant change in the number of CNC derived 

cardiomyocytes in CHIR 99021 treated embryos (B-B’’, E). However, treatment with XAV-939 

led to a small but statistically significant increase in the number of CNC derived cardiomyocytes 

(C-C’’, E). D) Chemical treatment with drugs that target any pathway listed other than Wnt did 

not change the number of NC derived cardiomyocytes (0 = no change, + = increase in cell 

number). E) Error bars represent standard deviation. * indicates p < 0.05. 
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Fig. 3-6. sema3C is expressed in the heart tube and pharyngeal arches 

A) Plastic section of a 30 hpf embryo stained with sema3C riboprobe. sema3C is strongly 

expressed in the pharyngeal ectoderm (bracket), and also in the heart tube (arrowhead). B) 

Ventral view of a whole mount 48 hpf embryo stained with sema3C riboprobe. Strong 

expression of sema3C is found in the pharyngeal arches (arrowheads). C) Ventral view of a 

whole mount 72 hpf embryo stained with sema3C riboprobe. Sema3C is highly expressed in a 

ring in the OFT of the heart (arrowhead). 
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CHAPTER 4 

CARDIAC NEURAL CREST DERIVED CARDIOMYOCYTES IN MYOCARDIAL 

DEVELOPMENT AND MATURATION 

 

 

A. Abstract 

 CNC contribution directly to the myocardial layer in zebrafish is unprecedented in any 

other vertebrate. Very little is known about the role of CNC derived cardiomyocytes in the 

development and maturation of the zebrafish myocardium. In this chapter I will explore the 

invasion of NCCs into the myocardial layer, the morphology of CNC derived cardiomyocytes 

during development and the contribution of CNC derived cardiomyocytes to the adult heart.   

 

B. Introduction 

 As the bilateral heart field migrates toward the midline to form the heart tube they form a 

polarized epithelia and establish aPKC along the apical side, and beta catenin in the basil side 

[1]. Additionally, in the developing heart adhesion proteins Alcama and N-cadherin support the 

strong myocardial junctions [2, 3]. As morphogenesis continues different levels of expression of 

these adhesion proteins in different domains of the heart help to guide cardiac morphogenesis 

[2, 3].  

 As myocardial maturation progresses cardiomyocytes adopt distinct morphological 

shapes depending on their location in the heart. Myocardial cells in the outer curvature of the 

ventricle enlarge and become elongated, while myocardial cells in the inner curvature of the 

ventricle remain cuboidal and small [4]. Further maturation of the myocardium is achieved 

through trabeculation. 

 In zebrafish trabeculation initiates at 60 hpf at a point opposite the atrioventricular canal 

[5]. Trabeculation is achieved through directional cardiomyocyte delamination and requires both 
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cell autonomous and cell non-autonomous signals [5, 6]. As cardiomyocytes invade the lumen 

to initiate trabeculation they first extend long projections, and then undergo abluminal surface 

constriction until they are excluded from the compact layer of the myocardium [7]. Neighboring 

cells often undergo dramatic shape changes to fill in the space left by trabeculating 

cardiomyocytes [7]. 

 Further expansion of the myocardium is necessary to achieve adult heart size and 

capacity. This occurs through outward penetration of a few trabecular cardiomyocytes which 

expand clonally to form a new cortical layer in the adult heart [8]. Cortical cardiomyocytes have 

more distinct striations than trabecular cardiomyocytes, are more rod shaped, and respond 

more robustly to regenerate following injury [8].  

 

C. Methods 

 

Antibody staining 

Embryos were fixed in 4% PFA in PBS at 80 hours post fertilization (hpf). The fixed 

embryos were permeabilized with acetone for 5 min at room temperature, incubated in primary 

antibody (1:1000 mouse anti-α-actinin IgG1, Sigma-Aldrich) in blocking solution (20mg/mL BSA 

in PBDT) overnight at 4 °C followed by detection with fluorescent secondary antibodies (1:150 

goat anti-mouse IgG1-Alexa Fluor 647, Life Technologies).  

 

Imaging 

Embryos were fixed in 4% PFA and embedded in 1% agarose for whole mount images, 

or embedded in 4% low melting agarose and cut into 100 μm sections with a Leica VT1000S 

vibratome for adult hearts [9]. Confocal images were acquired using a Carl Zeiss Laser 

Scanning Systems LSM510 equipped with 20× water or 63× water immersion objectives, unless 
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otherwise specified. Images were analyzed using the Zeiss LSM Image Browser version4, Zen 

2009, and Image J. 

 

Nitroreductase mediated ablation 

Embryos were soaked in 10mM metronidazole (Mtz) in embryo medium from 4 to 48 hpf 

[10]. The extent of NC ablation was assessed by the loss of mCherry positive cells in the heart 

at 48 hpf. For each experiment, untreated siblings and Mtz-treated UAS:NfsB-mCherry-/- 

embryos served as controls.  

 

D. Results 

 

NCCs invade the myocardial layer 

In Ch. 2 I found that NCCs invade the heart laterally, rather than migrating in through 

either pole of the heart. In support of this idea I observed that individual NCCs display an 

invasive morphology as they enter the heart. Fig. 4-1 focuses on a region which has several 

cNCCs in the process of invading the heart tube near the arterial pole of an elongating heart 

tube at 24 hpf in a NC:nfsB-mCherry embryo. Antibody staining with Zn8 for the adhesion 

protein Alcama, which is present in myocardial cell junctions [3], reveals a cobblestone 

organization of myocardium at 24 hpf. Notably, Zn8 staining is restricted to discrete lines 

separating established cardiomyocytes. In contrast, Zn8 staining near invading NCCs is diffuse 

and unorganized (Fig. 4-1 A-A’’ closed arrowhead, bracket). However, once NC derived 

cardiomyocytes have fully integrated into the myocardium they establish organized junctions 

which, based on Zn8 staining, are indistinguishable from junctions among cells derived from the 

FHF (Fig. 4-1A-A’’ open arrowhead). In addition to disrupting local myocardial junctions, 

invading NCCs have a distinct morphology. Higher magnification of an invading NCC reveals 

protrusions extending along myocardial cell junctions at the site of invasion (Fig. 4-1B-B’’’).  
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Ablated cardiomyocytes are extruded from the heart 

 In addition to describing how NCCs invade the heart, my work illustrates a possible 

mechanism for how the myocardium may deal with cells that need to be removed from the 

myocardial layer. Fig 4-2A-A’’ is a confocal z-projection of a 60 hpf heart from a Mtz treated 

NC:nfsB-mCherry embryo. Dying NC derived cardiomyocytes can be seen ensheathing the 

remainder of the heart. Many of these dying cardiomyocytes have a teardrop morphology, with 

the point of the teardrop still hanging on to the myocardium (Fig. 4-2B, closed arrowhead). This 

gives the impression that these cells were recently extruded from the myocardial layer. 

Interestingly, dying NC derived cardiomyocytes are always seen protruding out of the heart, and 

are never pushed toward the lumen. Although some small fragments remain in the myocardium, 

dying myocardial cells or large fragments of cells are not retained in the myocardial layer, nor 

are pieces of cells engulfed by neighboring cardiomyocytes or endocardial cells.  

 

CNC derived cardiomyocyte morphology at embryonic stages 

 NC derived cardiomyocytes have a cuboidal morphology after integration into the heart 

(Fig 2-3 A-A’’); as ventricular development progresses these cells undergo morphological 

changes characteristic of the developing ventricular myocardium, with cells on the outer 

curvature taking on a more elongated morphology (Fig 2-3 B-C’’). In addition to these 

characteristic shape changes, NC derived cardiomyocytes display complex morphological 

changes and interactions. To demonstrate common NC derived cardiomyocyte morphology and 

organization Fig. 2 is taken from a 78 hpf NC:mCherry heart which displays all of the 

morphologies of NC derived cardiomyocyte morphology I have observed in other embryos. 

 One common pattern of organization of NC derived cardiomyocytes is having a centrally 

located cell with a cuboidal morphology (intersection of brackets in Fig. 4-3D-F) with elongated 

cells projecting radially outward toward the outer curvature and apex of the ventricle (brackets in 
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Fig. 4-3D-F). This pattern is seen in all embryos observed (n=10). The cells that form the radial 

spokes of this structure are typically found adjacent to or incorporated into the emerging 

trabeculae. Additionally, NC derived cardiomyocytes are frequently associated with the initial 

luminal ridge that represents the onset of trabeculation (closed arrowhead Fig. 4-3G-I). Some 

NCCs display a spindle morphology with projections extending between neighboring FHF 

derived cardiomyocytes (inset is a magnification of cell indicated by arrowhead in Fig. 4-3E-I. A 

few NC derived cardiomyocytes do retain a more simple cuboidal morphology (indicated by 

asterisk in Fig. 4-3B-F) at this stage, however cells of this type are much less common, and may 

represent cells which have not yet undergone morphological changes.  

 

CNC derived myocardium persists to adulthood  

 To determine contribution of NC derived cells to the adult heart I sacrificed two month 

old NC:mCherry fish and collected their hearts for analysis (n=5), and selected a heart with a 

typical pattern for sectioning and further analysis. Fig. 4-4A-B’’ are confocal images of 100 

micron sections of a single representative heart. As in embryonic stages, NC derived myocardial 

cells population the bottom half (near the apex) of the ventricle, the AV boundary, and portions 

of the atrium. Interestingly, NC derived cardiomyocytes have a clonal organization, as seen by 

large swaths of the myocardium comprised almost entirely of NC:mCherry positive 

cardiomyocytes (Fig. 4-4D). A majority of NC derived cardiomyocytes are found in the 

trabecular layer (Fig. 4-4D). However, a small clone of NC:mCherry positive cardiomyocytes 

can be found between the apex of the ventricle and AV canal (Fig. 4-4E) In the AV canal 

NC:mCherry positive cells contribute to the myocardium, but not to the valves (Fig. 4-4F). In the 

adult zebrafish the atrium appears triangular when viewed ventrally. Interestingly I find that in 

many NC:mCherry adult hearts one or more of the corners of the atrial myocardium is almost 

completely derived from NCCs. 
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 Fig 4 C-H are magnifications of cells from different regions of the heart as indicated in 

Fig. 4B’’. Although I found an occasional small patch of NC:mCherry positive cells (Fig. 4C) 

most NC:mCherry cells were in larger patches (Fig. 4D). In both situations NC:mCherry are 

seamlessly integrated with neighboring cells. Additionally NC:mCherry positive and negative 

tissues have no overt morphological differences. Fig. 4E shows a patch of NC:mCherry cells 

that occupy the compact myocardial layer. In the AV canal I found cells closely associated with, 

but not contributing to, the valves (Fig. 4F). Additionally, I found another large patch of 

NC:mCherry positive cells extending from the AV canal into the atrium (Fig. 4G). The 

morphology of NC:mCherry positive cells in the atrium is distinct from those in the ventricle (Fig. 

4D,H). The tissue in the ventricle (both NC:mCherry positive and negative) shows distinct 

muscle fiber morphology, whereas tissue in the atrium has a less obviously contractile 

appearance. Having both NC:mCherry positive and NC:mCherry negative cells next to each 

other also allowed me to visually analyze how cells are interacting. In the ventricle cells appear 

much more tightly integrated with elongated green and red cells running alongside each other 

and following the same curves and bends, while in the atrium cells seem more distinct, and do 

not follow each other along the same morphologic curves (Fig. 4D,H). These differences are 

unsurprising considering the differences in the function of atrial and ventricular cardiomyocytes.  

  

E. Discussion 

 In summary, I found that invasion coincides with a local disruption of myocardial cell 

junctions. Additionally they send projections along junctions between FHF derived myocardial 

cells as they make their way into the myocardial layer. Interestingly, when NC derived 

myocardial cells are ablated they are extruded outward from the heart, indicating that 

neighboring myocardial cells may be responsible for squeezing dying cells out of the heart. 

When left intact, NC derived myocardial cells take on more complex morphologies as 

development progresses. They adopt an organization that consists of a central, more cuboidal 
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cell with other, more elongated cells radiating outward from it. As NCCs take on this 

organization, some cells adopt a spindle-like morphology and send projections in-between 

neighboring FHF derived myocardial cells. CNCCs which contribute to the myocardium and 

OFT both persist until adulthood. In the ventricle and AV boundary NC derived myocardium 

forms large patches that are seamlessly integrated into the FHF derived myocardium. In the 

atrium NC derived cardiomyocytes also form large patches that tend to take up one or more 

corners of the triangular atrium. In the atrium NCCs and other myocardial cells are less 

extensively integrated. NC derived cells in the OFT contribute mainly to the smooth muscle 

layers that surround the aortic endothelium, but I also found cells with a neuronal morphology 

on the surface of the BA. 

 Cardiomyocytes express specific adhesion factors such as Alcama and N-cadherin that 

allow them to form strong junctions. It is possible that invading NCCs secrete factors that disrupt 

these myocardial junctions, invade, and then begin to establish their own connections with 

neighboring myocardial cells. It would be of interest to identify the molecular mechanisms 

behind disruption of myocardial junctions surrounding invading NCCs. Expression of 

myl7:nucGFP shortly after invasion of NCCs into the heart leads to several questions about the 

differentiation of NC derived cardiomyocytes. myl7 typically labels more differentiated 

cardiomyocytes, as Myl7 is part of the contractile machinery. Expression of this marker so soon 

upon integration of NCCs into the heart raises the possibility that myocardial fated NCCs may 

begin to express markers of myocardial precursor cells prior to invasion of the heart. It may be 

possible that adopting a myocardial precursor identity is required for integration of NCCs into 

the myocardium. Further understanding of how invading NCCs integrate into the heart may lead 

to important insights for integrating stem cell derived cardiomyocytes into existing cardiac tissue 

for therapeutic reasons, a process which currently suffers from insufficient connections between 

pre-existing myocardium and transplanted stem cell derived cardiomyocytes [11]. It is possible 
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that transplantation of a myocardial precursor that is more similar to an invading myocardial 

fated CNCC may be more successful.  

 It has been previously reported that apoptotic cells are extruded from an epithelial layer 

in an actin/myosin dependent manner [12], however this has never before been reported for the 

myocardium.  In our NC ablation model, in which NCCs undergo nitroreductase mediated 

apoptosis, the cells often do not die until after they have been integrated into the myocardium. 

When this happens they are extruded from the myocardial layer, and have a morphology 

suggesting they have recently been squeezed out, similar to what is seen when epithelial layers 

extrude apoptotic cells. It is possible that this phenomena is merely an artifact of nitroreductase 

mediated ablation, however, it is an intriguing possibility that this mechanism is used to clear 

dying myocardial cells. If this mechanism for removing dying cells is a real myocardial 

phenomena it is also possible that this would only happen during development, when the 

myocardium consists of only one, or a few layers of cells. For example, after infarction in the 

adult mouse heart dying cardiomyocytes are cleared through phagocytes [13]. 

 The organization and morphology of developing CNC derived myocardial cells suggests 

they may have a role in trabeculation. They are often associated with the first luminal ridge that 

forms as trabeculation initiates, and also the central cell seems to be a point to which forming 

trabeculae extend toward. Very preliminary findings show that there is some trabeculation in NC 

ablated embryos (data not shown). It would be interesting to perform a more detailed study of 

the structure and organization of developing trabeculae in NC ablated embryos. Another 

possibility is that the pattern observed in NC derived myocardial cells is common to other 

myocardial cells, and something that would be observed whenever a subset of myocardial cells 

is labeled. It would be revealing to randomly label myocardial cells using transient expression of 

myl7:mCherry to determine if the pattern and morphologies of CNC derived cardiomyocytes is 

common to heart field derived cardiomyocytes. While further study of the patterns formed by 
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heart field derived myocardial cells is required to determine what patterns they form during 

development, it is telling that NC derived myocardial cells always adopt this specific pattern.  

 Based on morphology and organization there is no apparent difference between heart 

field derived myocardial cells and NC derived myocardial cells in the adult heart. Further 

analysis will be necessary to see if there is ever any NC derived myocardial contribution to the 

clonal patches that form the cortical layer of myocardial cells in the adult heart; I have only 

looked at a small number of hearts, and may therefore be missing the instances when NC 

derived cardiomyocytes penetrated outward to form the new layer.  
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Fig. 4-1. Neural crest cells integrating into the heart tube disrupt myocardial junctions 

A-A’’) Confocal projection of the arterial pole of a heart tube near the arterial pole of an 

elongating heart tube at 24 hpf in a NC:nfsB-mCherry, myl7:nucGFP embryo. Antibody staining 

with Zn8 (blue) for the adhesion protein Alcama, reveals a cobblestone organization of 

myocardium at 24 hpf (A’’). Notably, Zn8 staining is restricted to discrete lines separating 

established cardiomyocytes (open arrowhead). In contrast, Zn8 staining near invading NCCs is 

diffuse and unorganized (closed arrowhead, bracket). Fully integrated NC derived 

cardiomyocytes establish organized junctions (open arrowhead). B-B’’’) Higher magnification of 

an invading NCC (boxed in A) reveals protrusions extending along myocardial cell junctions at 

the site of invasion. Red = mCherry, green = GFP, blue = zn8. 
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Fig. 4-2. Ablated neural crest cells are extruded from the heart 

A-A’’) Confocal projection of a 60 hpf heart from a Mtz treated NC:nfsB-mCherry, myl7:GFP 

embryo. Dying NC derived cardiomyocytes can be seen ensheathing the remainder of the heart. 

B) Single z-sections of the same heart in A-A’’. Dying cardiomyocytes have a teardrop 

morphology, with the point of the teardrop still hanging on to the myocardium (closed 

arrowhead). Red = mCherry, green = GFP. 
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Fig. 4-3. Morphology of neural crest derived cardiomyocytes during trabeculation 

A-I) Single z-sections of the 78 hpf heart from figure 2-3C-C’’. NC derived cardiomyocytes form 

a centrally located cell with a cuboidal morphology (D-F, intersection of brackets) with elongated 

cells projecting radially outward (D-F brackets). G-I) NC derived cardiomyocyte associated with 

the initial luminal ridge which initiates trabeculation (closed arrowhead). E-I) NCC with a spindle 

morphology with projections extending between neighboring FHF derived cardiomyocytes (inset 

is a magnification of cell indicated by arrowhead). B-F) NC derived cardiomyocytes with a 

cuboidal morphology (asterisk). 
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Fig. 4-4. Neural crest derived cardiomyocytes contribute to the adult heart 

A-B’’) Confocal images of 100 micron sections of a 2 month old NC:mCherry heart. C-H) 

Magnifications of cells from different regions of the heart as indicated in B’’. C) A small patch of 

NC:mCherry positive cells. D) Large patch of NC:mCherry positive cells. No morphological 

differences are seen between NC:mCherry positive and negative cells (C-H). E) NC:mCherry 

positive cells in the compact myocardial layer. F) NC:mCherry positive cells closely associated 

with, but not contributing to, the valves. G) Large patch of NC:mCherry positive cells extending 

from the AV canal into the atrium. H) Atrial NC:mCherry positive cardiomyocytes.  
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

A. Conclusions 

 I found that NCCs in zebrafish contribute to the heart in two waves. The first wave 

migrates through pharyngeal arches one and two and contributes to the heart shortly after the 

heart tube forms, between 24 and 30 hpf. NCCs invade the heart tube laterally and display an 

invasive morphology as they enter the heart. Interestingly myocardial fated NCCs begin to 

express cardiac specific marker myl7:GFP immediately upon integration into the heart. Entry 

into the heart tube by CNCCs causes localized disruption of myocardial adhesion marker 

Alcama, and invading NCCs send projections along the junctions of nearby cardiomyocytes. 

After invading the heart tube NC derived cardiomyocytes integrate and form junctions with 

neighboring cardiomyocytes that are indistinguishable from the junctions between FHF derived 

cardiomyocytes. As the heart tube is extended through addition from the SHF, NC derived 

cardiomyocytes remain integrated into the region of the heart derived from the FHF.  

Initially, NC derived cardiomyocytes have a cuboidal morphology similar to all 

myocardial cells at this time point. As development progresses most NC derived 

cardiomyocytes elongate. These cardiomyocytes are often associated with the first luminal fold 

that initiates trabeculation. NC derived cardiomyocytes have a distinct organization with one 

central cell from which several groups of NC derived cardiomyocytes radiate out from like 

spokes on a wheel. Some NC derived cardiomyocytes send projections toward the central cell. 

NC derived cardiomyocytes are retained in the heart throughout the life of the fish. In adult 

hearts NC cardiomyocytes can be found in the ventricle, AV canal and atrium. These cells have 
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no obvious morphological differences from other cardiomyocytes, and are typically found in the 

trabecular rather than compact myocardium.  

The second wave of CNC contribution to the zebrafish heart occurs between 72 hpf and 

108 hpf. These NCCs migrate along the 6th aortic arch artery and down the ventral aorta. By 

108 hpf the second wave of CNCCs fully envelopes the ventral aorta and invades the BA. As 

with myocardial fated CNCCs, the second wave of CNCCs persists to adulthood. In the adult 

zebrafish heart CNC derived cells reside in the smooth muscle layers of the ventral aorta and 

BA. The second wave of CNCCs is very similar to CNCCs reported in other species. In addition 

to following a similar path of migration, it also relies on FGF signaling for survival and migration 

through the pharyngeal arches to the OFT of the heart.  

Unlike NCCs which contribute to the ventral aorta and BA, myocardial fated NCCs do 

not rely on FGF signaling for their migration and survival. They are also independent of Tbx1, 

another factor commonly associated with CNCCs in other species. One signaling pathway 

which may have an influence on NC derived cardiomyocytes is Wnt signaling. When Wnt 

signaling is inhibited there is a statistically significant increase in the number of NC derived 

cardiomyocytes in the heart. One factor that may have a conserved role in guiding both the first 

and second wave of CNCCs in zebrafish, and is involved in guiding NCCs in other species is 

Sema3C. Sema3C is expressed in domains in the heart which make it a good candidate for 

guiding CNCCs to the heart for zebrafish. It is expressed in the heart tube at 30 hpf, and later in 

the pharyngeal arches and in a strong ring near the OFT. This is supported by the fact that 

myocardial fated CNCCs express Nrp2b, a predicted receptor for Sema3C.  

Ablation of NCCs leads to a variety of cardiac defects in zebrafish. Defects in FHF 

derived myocardium include reduced heart rate, defects in AV boundary differentiation as seen 

by expanded tbx2b expression, and defects in myocardial maturation. When NCCs are ablated 

cells in the SHF are retained as precursors rather differentiating into cardiomyocytes and 
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contributing to the elongating heart tube. This can be seen through Kaede conversion, and 

retention of ltbp3 expression in the SHF. Additionally, NC ablation leads to the absence of a 

distinct BA, and a shortened or non-existent ventral aorta. The earliest signal I found to be 

disrupted was tbx1. Tbx1 is normally strongly expressed in the pharyngeal arches. After NC 

ablation tbx1 expression is severely reduced. Interestingly, expression of fgf8 was unaffected in 

NC ablated embryos, however, expression of bmp4 was drastically up regulated in the 

mesoderm near the heart after 48 hpf. 

 

B. Discussion 

My finding that the first wave of NCCs migrate through more anterior pharyngeal arches 

(I and II), are independent of FGF signaling as they migrate through the pharyngeal arches, and 

contribute to the region of the heart derived from the FHF, suggest that NCCs which contribute 

to the myocardium represent a separate population of CNCCs than is described in chick and 

mouse. While it is possible that this population of cNCCs has not been reported in other species 

because it is unique to zebrafish (or fish in general), I favor the possibility that if different 

labeling techniques or tracing lines were used in chick and mouse a similar population could be 

found in these organisms. Some evidence in favor of this idea is that in mouse a small 

population of undifferentiated NC derived cells nested in the myocardium of the left ventricle and 

both atria has been reported using the PO1 promoter [1, 2] (Illustrated in Fig. 8C). Interestingly, 

the contribution to the left ventricle alone echoes the contribution we observe in my model as 

the left ventricle is also FHF derived, and I only find NC derived myocardial cells integrated into 

the region of the myocardium derived from FHF. Although the timing and path of the migration 

of these cNCCs to the heart has not yet been determined, it is possible that they represent the 

same population of cells as is seen in myocardial fated cNCCs in zebrafish. Intriguingly, shortly 

after birth these cells gradually differentiate to give rise to myocardial cells [1, 2].  
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Another possible explanation for the presence of CNC derived cardiomyocytes in 

zebrafish and their absence in other species is one of developmental timing. In chick and mouse 

by the time NCCs delaminate from the neural tube (HH 8-9, E8.5) the heart tube has already 

formed and begun to undergo looping [3]. In contrast, by the time NCCs begin to delaminate 

from the neural tube in zebrafish (13-14 hpf) the heart field is still hours away from migrating to 

the midline [3]. It is therefore possible that in zebrafish early migrating NCCs come in contact 

with the developing heart tube at a stage when they are capable of integrating into the heart, 

while in chick and mouse NCCs miss this developmental window.  

CNCCs which contribute to the ventral aorta and BA in zebrafish show many 

developmental similarities to cNCCs in other species (Fig. 8A-C). One minor difference between 

zebrafish NCCs which contribute to the OFT and NC contribution to the OFT in chick and 

mouse is that in zebrafish NC contribution is restricted to the more distal region of the OFT, 

whereas in chick and mouse NCCs penetrate all the way to the top of the ventricle [4] (Fig. 8A, 

C). Intriguingly, the pattern of NC contribution to the OFT in zebrafish is strikingly similar to the 

pattern of NC contribution in Xenopus, which also surround the aorta, but do not penetrate 

further into the outflow tract (Fig. 8A-B) [5]. These findings lead us to propose that Xenopus and 

Zebrafish represent earlier evolutionary stages of this population of cNCCs in which the cNCCs 

are not yet required for the formation of more proximal OFT structures, whereas in chick and 

mouse, which require complete septation of the OFT, cNCCs are recruited further into the OFT 

to participate in septation. 

 One of the shortcomings in my NC ablation models is that I am globally ablating all NC 

cells. This makes interpretation of the cause of cardiac defects difficult. I would speculate that 

early cardiac defects and cardiac defects specific to the FHF are likely caused by loss of 

myocardial fated NCCs, and that later defects such as loss of SHF contribution are caused by 

loss of the later wave of CNCCs. However, since both populations are ablated in NC ablated 
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embryos it is impossible to tell for sure. Additionally, it is difficult to know whether loss of other 

NC derived tissues in the surrounding area, such as the pharyngeal arches, is causing the 

phenotypes I observed. Despite this, many of the cardiac phenotypes I observe in NC ablated 

embryos are similar to those reported in other species. This makes the NC ablation line an ideal 

model to study signaling which may be important for CNC development in vertebrates.  

 In this study I have generated a transgenic line which will be of great use to the zebrafish 

NC community. Not only can the sox10:Gal4, UAS:cre line be used to trace and ablate NCCs as 

I have done in this work, it can also be used to drive any gene of interest under the control of 

the UAS promoter. Potentially this could be used to manipulate signaling pathways specifically 

in the NC by over expression of agonists or antagonists. It could also be used to drive dominant 

negative proteins to study loss of function of a protein of interest specifically in NCCs.  

 

C. Future Directions 

 Many of the findings presented in Ch. 3 and 4 are preliminary and require further 

investigation and repetition. In addition to following up on these experiments my work presents 

many avenues of future research. 

Migration of myocardial fated CNCCs 

 To determine the role of Sema3C in guiding myocardial fated CNCCs, if any, I would 

generate sema3C mutants using the CRISPER/Cas strategy and observe possible defects in 

CNCC migration. Due to expression of sema3C in the 30 hpf heart tube I hypothesize that loss 

of sema3C would lead to defects in NCC invasion of the heart tube. Additionally, since sema3C 

is expressed in pharyngeal tissues it may also be required for guidance of NCCs to the heart.  
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 To follow up on the potential role for Wnt signaling in NC contribution to the myocardium 

I would optimize the chemical treatment for XAV to see if it is possible to get a larger increase of 

NC derived cardiomyocytes. Additionally I would try to narrow the time window in which 

inhibiting Wnt signaling would elicit a response. In addition to optimizing XAV treatment I would 

do the same for CHIR treatment to see if at another dose would reduce the number of NC 

derived cardiomyocytes since CHIR has the opposite effect on the Wnt signaling pathway as 

XAV. Narrowing the window in which Wnt signal is important would allow me to determine which 

aspect of NCC development Wnt signaling is required for. For example, if it was required early 

on Wnt signaling may be important for restricting the number of myocardial fated NCCs that 

emigrate from the NT, if it is required during migration it may be required to regulated responses 

to guidance cues, and if the effect is only seen when Wnt signaling is inhibited after NCCs 

integrate into the heart it may be required for restricting proliferation. Additionally, I could use 

the sox10:GAL4 UAS:cre transgenic line to drive expression of constitutively active βcatenin 

specifically in NCCs to determine whether the requirement for Wnt signaling is cell autonomous 

in CNCCs.  

 Finally, to find any more factors that may influence the migration of myocardial fated 

CNCCs I would do a more thorough chemical screen. I would expand not only the chemical 

library used to include a wider variety of chemicals, but also expand the treatment window to 

also look for factors that may influence specification of myocardial fated CNCCs.  

 

Invasion of myocardial fated CNCCs 

 To further explore the mechanism of CNC invasion of the neural tube I would perform 

time lapse imaging to observe the dynamic behavior of CNCCs and the projections they extend 

when invading the heart tube. There are several hurdles to overcome in order to achieve this. 
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The first is that at this point in time the heart begins to beat, making time lapse difficult. One way 

to overcome this is to use the system described in [6] a high-speed selective pain illumination 

microscope (SPIM), configured with double-sided illumination and single-sided detection. In 

combination with rendering software this microscopy technique allows for high-resolution 

reconstruction of the beating zebrafish heart, and would allow me to perform time lapse 

microscopy to visualize the location and morphology of invading NCCs. Another hurdle that 

SPIM microscopy can help to overcome is that at the stages when CNCCs invade the heart (24 

hpf – 30 hpf) the heart is buried underneath the developing head. Since SPIM allows for deeper 

penetration of fluorescence illumination and detection it is more likely that I will be able to 

successfully visualize NCCs as they invade the heart tube. 

 Additionally, I would stain for N-cadherin to observe if there is a disruption of N-cadherin 

at the site of NC invasion as there is for Alcama. This would help to determine if NCC invasion 

leads to a disruption of adhesion molecules in general, or if this is specific to Alcama. It would 

be interesting to determine if invading NCCs express N-cadherin as a way to integrate into the 

heart. To do this I would first determine using in-situ hybridization or antibody staining to 

determine when and if myocardial fated NCCs express N-cadherin prior to integration into the 

heart. If they do express N-cadherin I would use the sox10:GAL4 UAS:cre to drive expression of 

extracellular domain deleted dominant negative N-cadherin [7] under control of the UAS 

promoter to determine if N-cadherin is required for  NCC invasion of the heart tube. 

Interestingly, it has been reported that N-cadherin is required for CNC mediated remodeling of 

the OFT, but not their migration to the OFT [8].  

Also of interest would be to stain for expression of other early cardiac markers to see 

when the myocardial program is initiated in migrating CNCCs, and whether myocardial 

differentiation requires the same process in NCCs as differentiation of myocardial cells from 

mesodermal precursor cells. To do this I would perform double fluorescent in-situ hybridization 
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for mCherry and markers such as nkx2.5, gata4, mef2c, and hand2 between 20 hpf and 24 hpf, 

just prior to NCC invasion of the heart. This would also help to determine when myocardial fated 

NCCs distinguish themselves from other nearby NCCs with different fates. 

 

Role of NC derived cardiomyocytes in embryonic development 

 In addition to capturing NC invasion of the heart tube using time lapse microscopy, it 

would also be informative to observe the cell shape changes and organization of NC derived 

cardiomyocytes as myocardial development progresses. I again use the system described in [6] 

to image changes in NC derived cardiomyocytes from 48 hpf until 72 hpf. In particular I would 

observe how NC derived cardiomyocytes associate with the initial formation of trabeculae. 

 Another possible role for NC derived cardiomyocytes is that they may have some role in 

conduction, since zebrafish do not have a morphologically distinct conduction system. To test 

for this I would stain for two factors which are a hallmark of conduction system cardiomyocytes, 

Tbx5 [9], and CX45 [10]. If NC derived cardiomyocytes are involved in conduction I would 

expect them to express these markers. If NC derived cardiomyocytes express markers of the 

cardiac conduction system I would carefully analyze conduction speed through the ventricle in 

NC ablated embryos by crossing them to myl7:gCamp fish, which express a calcium activated 

fluorescent protein in the myocardium. If NC derived cardiomyocytes are important for the 

conduction in the ventricle I would expect that in NC ablated embryos Ca2+ waves would travel 

more slowly through the heart. Additionally, it is possible to isolate adult cardiomyocytes and 

grow them in cell culture [11]. In this system it would be possible to measure the 

electrochemical properties of NC derived and mesodermally derived cardiomyocytes to 

determine if there are any differences.  
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 Finally, to uncover any differences between NC derived cardiomyocytes and heart field 

derived cardiomyocytes I would cross NC:NfsB-mCherry to myl7:GFP and collect embryos at 

several time points between 30 hpf and 72 hpf. I would then dissociated the embryos, FACS 

sort for cells double positive for mCherry and GFP, and those positive for GFP alone, and 

perform RNA sequencing to find differences in gene expression between the two populations. 

Although the small number of NC derived cardiomyocytes per heart would make this technique 

difficult, it may be possible to obtain enough cells by collecting cells from a large number of 

embryos. 

 

CNC and SHF development 

 To explore the signaling behind the SHF phenotype observed in NC ablated embryos I 

would first do in situ hybridization for fgf10 to see if expression levels were altered. In order to 

come up with novel candidates that may be involved in the interaction between CNCCs and the 

SHF I would cross NC:NfsB-mCherry fish to ltbp3:GFP fish and ablated NCCs. I would then 

collect embryos at 26 hpf, a time just prior to SHF addition to the heart tube, dissociate 

embryos, and FACS sort for GFP positive cells. I would then use RNA sequencing to compare 

expression profiles between SHF cells in NC ablated and non-ablated embryos. As with FACS 

sorting for NC derived cardiomyocytes, this approach presents difficulties due to the small 

number of SHF cells found in each embryo. However, this approach is most likely to yield novel 

insights into the molecular mechanisms of NC/SHF interactions and therefore worth attempting. 

Again, it may be possible to overcome small numbers of cells per embryo by collecting large 

numbers of embryos. 

 I would also attempt to rescue the SHF phenotype using chemical inhibition. In a screen 

similar to the one described for studying CNC migration I would test whether blocking various 
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chemical pathways could rescue the SHF addition to the heart tube. To do this I would apply the 

chemicals between 20 hpf and 30 hpf and then collect embryos for ltbp3 staining. Additionally I 

would perform this experiment in the myl7:Kaede fish and test for rescue of SHF addition to the 

myocardium.  

 

CNC contribution to the adult myocardium 

 To further study the contribution of CNCCs to the adult myocardium I would collect 

hearts at a time course similar to that described in [12]. I would especially focus on 3 month old 

hearts to determine if I ever see contribution of NC derived myocardial cells to the cortical layer. 

Once I have established the extent of CNC contribution to the adult heart I would injure the adult 

hearts and see if NC derived cardiomyocytes contribute more strongly to regeneration. This 

would be an intriguing finding since NC derived cardiomyocytes have only been reported in 

zebrafish, and zebrafish have a much higher capacity for cardiac regeneration than other 

vertebrates. 
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Fig. 5-1 Neural crest contribution to the developing vertebrate heart 

A) Illustration of NC contribution to the 4 dpf zebrafish heart. Blue shading represents NC 

contribution to the BA and ventral aorta, green checks indicate the region of NC contribution to 

the myocardium. B) Illustration of NC contribution to the stage 50 Xenopus heart, with NC 

contribution indicated in blue. C) Illustration of NC contribution to the E 14.5 mouse heart, with 

NC contribution to the great vessels in blue, and NC contribution to undifferentiated cells nested 

in the myocardial layer in yellow. 
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