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Two developmentally distinct populations of neural crest cells 
contribute to the zebrafish heart

Ann M. Cavanaugh, Jie Huang, and Jau-Nian Chen*

Department of Molecular, Cell and Developmental Biology, University of California, Los Angeles, 
CA 90095, USA

Abstract

Cardiac neural crest cells 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 neural crest cells that contribute to distinct compartments of zebrafish 

cardiovascular system at different developmental stages. A stream of neural crest cells 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 

neural crest cells 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 neural crest cells to the primitive heart tube, it 

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

neural crest cells to FGF signaling. Furthermore, neural crest 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 neural crest cells to the developing heart and provide insights 

into the requirement for these cells in cardiac maturation.

Introduction

Neural crest (NC) cells are a population of ectodermally 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 (Le Douarin and Kalcheim, 1999; Hutson 

and Kirby, 2003). A subset of NC cells termed Cardiac Neural Crest (CNC) cells 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 
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the great vessels (Kirby et al., 1983; Jiang et al., 2000). Some CNC cells continue to migrate 

into the cardiac outflow tract (OFT) cushion to divide the common arterial OFT into the 

aorta and pulmonary trunks (Kirby et al., 1983; Jiang et al., 2000). Consistent with the 

contribution of these cells, mechanical ablation or genetic disruption of CNC development 

leads to ventricular septal defects, double outlet right ventricle, and persistent truncus 

arteriosus (Besson et al., 1986; Conway et al., 1997).

As CNC cells migrate through the pharynx, they interact extensively with neighboring 

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

supports the survival and migration of CNC cells (Abu-Issa et al., 2002; Frank et al., 2002). 

FGF8 is expressed in multiple tissues in the pharyngeal apparatus. While knocking out FGF 

signaling in CNC cells does not lead to significant CNC-related defects (Park et al., 2008), 

loss of FGF8 expression in the pharyngeal ectoderm and endoderm (Frank et al., 2002), or 

interfering with FGF signaling in the second heart field (SHF) mesoderm (Park et al., 2008) 

are sufficient to disrupt NC contribution to the heart in mouse.

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

midline, which then elongates into a tubular structure (Glickman and Yelon, 2002). Cardiac 

progenitor cells from the SHF subsequently contribute to the developing heart through the 

poles. By 2 days post fertilization, the arterial half of the ventricle is primarily descended 

from the SHF (de Pater et al., 2009; Zhou et al., 2011). These morphogenic events are very 

similar to those observed in other vertebrates. In contrast, NC contribution to the developing 

zebrafish heart shows many unique features. Early lineage mapping analyses revealed that 

zebrafish CNC cells originate between rhombomere 1 and the 6th somite, a region 

significantly broader than those observed in chick and mouse (Sato and Yost, 2003). 

Interestingly, some of these cells directly contribute to the myocardium (Li et al., 2003; Sato 

and Yost, 2003; Mongera et al., 2013). This feature has not been noted in other vertebrates 

and the precise time and location of NC integration as well as the significance of these NC-

derived cardiomyocytes in heart development have not been described. Furthermore, CNC 

cells participate 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 (Kirby et al., 

1983; Jiang et al., 2000). The fish has a single-loop circulatory system and thus does not 

require OFT septation. Whether and to what extent CNC cells contribute to OFT 

development in fish awaits further investigation.

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

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

NC cells migrating through pharyngeal arches 1 and 2 integrates into the heart tube and 

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

later does a second wave of NC cells, primarily migrating along the 6th pharyngeal arch 

artery, surround the ventral aorta and invade bulbus arteriosus. The two waves of NC cells 

show disparate responses to FGF signaling; inhibiting FGF signaling does not affect the 

integration of NC cells to the primitive heart tube, but does abolish NC contribution to the 

OFT, indicating a conserved regulatory circuit in OFT development. Furthermore, NC 

ablation leads to defects in myocardial maturation and prevents recruitment of cardiac 

progenitors from the SHF.
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Materials and Methods

Transgenic construct

Transgenic lines were created using the Tol2kit system (Kwan et al., 2007). For the 

sox10:GAL4,UAS:Cre construct, the sox10 promoter (−5kb) (Carney et al., 2006) 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 (Chen and Fishman, 1996). The antisense RNA probes used in this 

study include ltbp3 (Kindly provided by J. Burns) (Zhou et al., 2011) and tbx2b (Chi et al., 

2008).

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 1:1000 mouse anti-α-actinin 

antibody (Sigma-Aldrich, St. Louis, MO) or 1:150 zn8 antibody (Developmental Studies 

Hybridoma Bank, Iowa City, IA) in blocking solution (20mg/mL BSA in PBDT) overnight 

at 4 °C followed by detection with 1:150 goat anti-mouse IgG1-Alexa Fluor 647 antibody 

(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 

vibratome for tracing NC cells at early stages of heart development (Langenbacher et al., 

2012). Confocal images were acquired using a Carl Zeiss Laser Scanning Systems LSM510 

equipped with 20x water or 63x water immersion objectives. 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 

(Pisharath and Parsons, 2009). 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 
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Axioplan microscope equipped with a DAPI filter set until there was a strong red signal and 

no detectable green fluorescence remained (Hatta et al., 2006). Embryos were then treated 

with Mtz from 4-48 hpf to ablate NC 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 (Marques et al., 2008). 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.

Cardiovascular measurements

Myocardial cells were counted using myl7:nucGFP to visualize the nuclei of each 

cardiomyocytes. Cells that are positive for both mCherry and nucGFP in the NC:mCherry; 

myl7:nucGFP background are considered to be NC-derived myocardial cells. Counts were 

performed manually with the assistance of ImageJ cell counter software.

For ventricle length, the distance from the apex of the ventricle to the bottom of the OFT 

was measured using the Zeiss LSM Image Browser version4 software.

To assess the shape of cardiomyocytes, plasma membrane was visualized by Zn8 staining 

and the longest and shortest axes of each cell were measured using Zeiss LSM Image 

Browser version4 software. The ratio of elongation was obtained by dividing the length of 

the longest axis by the length of the shortest axis.

To determine the NC coverage of the ventral aorta, the length of the ventral aorta 

surrounded by mCherry positive cells was measured and divided by the total length of the 

ventral aorta.

Statistical analysis

All values are expressed as mean and standard deviation. Significance values are calculated 

by unpaired student's t-test.

Results

Generation of Sox10 neural crest tracing lines

A ~5kb NC-specific sox10 promoter was previously reported to faithfully recapitulate the 

endogenous sox10 expression in NC cells. We fused this promoter to GAL4 and UAS-Cre 

(Fig. 1A) (Dutton et al., 2001; Carney et al., 2006; Kwak et al., 2013; Mongera et al., 2013) 

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

1A).
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NC:NfsB-mCherry is double transgenic for sox10:GAL4-UAS-Cre and UAS:NfsB-mCherry 

(Davison et al., 2007), in which the expression of Nitroreductase-mCherry fusion protein is 

controlled by sox10-driven GAL4 activity allowing lineage tracing (by mCherry) and 

chemical-induced cell ablation (via Nitroreductase activity) (Davison et al., 2007). 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 NC cells in the developing 

head and in the trunk by 20ss (Fig. 1B), consistent with the reported sox10 expression 

pattern (Dutton et al., 2001; Carney et al., 2006; Kwak et al., 2013; Mongera et al., 2013). In 

addition, mCherry positive NC-derived cells were detected in the developing heart (Figs. 2, 

3), confirming previous reports that some NC-derived cells contribute to the zebrafish heart 

(Li et al., 2003; Sato and Yost, 2003; Kague et al., 2012; Mongera et al., 2013; Xia et al., 

2013).

As development proceeds, sox10 transcription is reduced and mCherry signal in NC:NfsB-

mCherry diminishes, 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. 1A) (Mosimann et 

al., 2011). In NC:mCherry, sox10 promoter drives the expression of Cre recombinase in NC 

cells which excises GFP and permanently labels cells of sox10 lineage with mCherry. By 

108 hpf, mCherry positive cells were observed in all known NC-derived tissues, including 

most elements of the craniofacial skeleton as previously reported (Fig. 1C) (Kague et al., 

2012), as well as the heart (Figs. 2, 3) and the OFT (Fig. 4). Together NC:NfsB-mCherry and 

NC:mCherry transgenic fish allow for tracing of NC-derived cells in the cardiovascular 

system from early embryonic stages to adulthood. In this study, we used NC:NfsB-mCherry 

to examine NC 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 NC cells migrating 

through pharyngeal arches 1 and 2 began to approach the bilaterally positioned cardiac 

precursors (Fig. 2A-C). When cardiac precursors merge at the midline, more NC cells came 

in close proximity to the heart (Fig. 2D-F). However, not until 24 hpf when the heart tube 

elongates and jogs to the left did we begin to observe the integration of NC-derived cells 

into the heart. These cells soon became positive for nuclear GFP, indicating that they had 

adopted a myocardial fate (Fig. 2H-J, Supplemental Video 1).

We observed active NC contribution along the primitive heart tube without apparent bias 

between the atrium and ventricle from 24 to 30 hpf (Figs. 2G-G’’ and 3A-A’’). Addition of 

NC cells to the developing heart tube ceased around 30 hpf and the number of mCherry 

positive cells in the heart remained static to 78 hpf (23 ±6.67 NC-derived cells in the heart at 

30 hpf, n=9, 19±8.13 at 60 hpf, n=5 and 19±6.03 at 78 hpf, n=6; p=0.28) (Fig 3E). As 

cardiac progenitors from the SHF add to the developing heart from both poles, the 

percentage of NC-derived cardiomyocytes per heart decreased (12.19%, at 30 hpf to 8.35% 
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at 60 hpf and 7.57% at 78 hpf) (Fig.3E), and the NC-derived cardiomyocytes became more 

restricted to the base of the ventricle, AV boundary, and the proximal atrium after two days 

of development (Fig 3B-C’’, F) (de Pater et al., 2009; Lazic and Scott, 2011; Zhou et al., 

2011). Immunostaining using anti-alpha actinin antibody showed that NC-derived 

cardiomyocytes have organized z-lines as do other cardiomyocytes (Fig.3D-D’”), indicating 

that these cells are contractile.

Neural crest cells contribute to the ventral aorta and bulbus arteriosus

Using the NC:mCherry fish, we found that NC-derived cells enveloped the endothelium of 

the ventral aorta (VA) and invaded the bulbus arteriosus (BA) around 80 hpf, approximately 

50 hours after NC cells 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 (Choi et al., 2007). At 60 hpf, 

the VA is very short and the BA is small (Fig.4A). At this stage, a few mCherry positive NC 

cells began to migrate out of the 6th aortic arch artery toward the heart along the 

endothelium of the VA (Fig. 4A-A’’). By 80 hpf, when the VA has elongated and the BA 

becomes more pronounced, mCherry positive cells began to encircle the endothelium of VA 

(Fig. 4B-B’’). At 108 hpf, the endothelial layer of the VA was fully surrounded by NC-

derived cells and a small number of NC-derived cells began to populate the BA (Fig. 4C-

C’’), resembling the pattern observed in other vertebrate models (Kirby et al., 1983; Jiang et 

al., 2000; Lee and Saint-Jeannet, 2011).

Cardiac neural crest contribution to the outflow tract requires FGF signaling

FGF signaling interacts extensively with NC cells in the pharyngeal arches (David et al., 

2002; Frank et al., 2002; Nissen et al., 2003; Crump et al., 2004; Sato et al., 2011). To 

determine the impact of FGF signaling on NC 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 hpf to 48 hpf (Mohammadi et al., 1997) 

(Fig. 5A). Consistent with previous reports, embryos treated with SU5402 were deformed 

with a shorter, curved body and diminutive ventricle (Fig. S1) (David et al., 2002; Nissen et 

al., 2003; Crump et al., 2004; Marques et al., 2008). Interestingly, even though the SU5402-

treated hearts became dysmorphic, NC cells still integrated into the heart and adopted a 

myocardial fate (15.5±5.4 in DMSO-treated control embryos, n=4 versus 18.5±1.5 in 

SU5402-treated embryos, n=6, p = 0.23) (Fig. 5E-F’’).

The pharyngeal vasculature and VA were severely defective in embryos subjected to 

extended SU5402 treatment (16-48, 30-48 and 36-48 hpf), preventing the assessment of NC 

contribution (Fig.S1). We thus treated NC:mCherry embryos with SU5402 from 42 hpf until 

48 hpf. Embryos subjected to this shortened treatment have intact pharyngeal vasculature, 

but the length of the VA surrounded by NC-derived cells was severely reduced (97.6±5.4% 

in DMSO-treated control embryos, n=5 versus 56.3±16.2% in SU5402-treated embryos, 

n=10, p<0.001) (Fig. 5A-D’’). These findings demonstrate a differential requirement for 

FGF signaling in NC contribution to the heart and the OFT; FGF signals are required for the 

contribution of NC cells to the VA and BA but are dispensable for those contributing the 

cardiac chambers.
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Neural crest ablation perturbs cardiac function and morphology

Nitroreductase converts the pro-drug metronidazole (Mtz) to a toxic form (Pisharath and 

Parsons, 2009). In NC:NfsB-mCherry embryos, the sox10 promoter drives the production of 

Nitroreductase in NC cells 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. 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 (Dutton et 

al., 2001).

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 (89.09±6.07 beat per minute in 

control versus 81.49±7.40 in NC-ablated embryos, n=10 each, p<0.05) (Fig. 6C). After two 

days of development, the ventricle of NC-ablated embryos was significantly smaller 

(ventricle length: 111.93±4.91 μm in control versus 96.22±4.28 μm in NC-ablated embryos, 

n=6 each, p<0.001) and had a reduced number of myocardial cells (123.75±12.76 in control 

embryos versus 90.75±5.91 in NC-ablated embryos, n=4 each, p<0.05) (Fig. 6A-B’’, D). 

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

expression domain of tbx2b (Fig. 6E-F) (Chi et al., 2008). 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. 6G-G’) (Auman et al., 2007). In 

NC-ablated embryos, myocardial cells in both the outer and inner curvature maintain a 

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

cells were lost (axis ratio of outer curvature cardiomyocytes: 2.49±0.09 in control and 

1.75±0.22 in NC-ablated embryos, p = 0.006; axis ratio of inner curvature cardiomyocytes: 

1.66±0.11 in control and 1.70±0.16 in NC-ablated embryos, n=4 each, p = 0.77) (Fig. 6I), 

indicating myocardial maturation defects.

Neural crest ablation abolishes the recruitment of cells from the SHF

NC-derived cardiomyocytes account for about 10% of total cardiomyocytes in 2-day-old 

embryonic hearts (Fig.3D), but there was an approximately 27% reduction of ventricular 

cardiomyocytes in NC-ablated embryos (123.75±12.76 in control versus 90.75±5.91 in NC-

ablated embryos, p<0.05; Fig.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 (de Pater et al., 2009; Witzel et al., 2012). Studies in chick and mouse have 

also observed an association between NC defects and the recruitment of OFT myocardium 

from the SHF (Bradshaw et al., 2009; Zhou et al., 2011). We thus examined whether the 

small ventricle phenotype observed in NC-ablated 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 (Zhou et al., 2011). At 24 

hpf, ltbp3 expression was comparable between control and NC-ablated embryos, 

demonstrating that NC cells 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. 7A, B), raising an intriguing possibility that SHF cardiac progenitors 

fail to differentiate and contribute to the heart.
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To further evaluate the extent of SHF contribution to NC-ablated hearts, we took the 

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

in cardiomyocytes (de Pater et al., 2009). We photoconverted 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 (11/11 embryos imaged), whereas 

the entire ventricle of NC-ablated embryos was marked by red fluorescing Kaede (14/16 

NC-ablated embryos imaged) (Fig. 7C-D’’), demonstrating a loss of SHF contribution to the 

heart.

Discussion

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

more than a decade (Li et al., 2003; Sato and Yost, 2003). However, the precise timing of 

the integration of NC-derived cells 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 NC contribution to the zebrafish 

heart. We show that NC cells contribute to two distinct compartments of the zebrafish 

cardiovascular system at different developmental stages. A stream of NC cells integrates 

into the primitive heart tube between 24 and 30 hpf and adopts a myocardial fate. Another 

wave of NC cells migrating off of aortic arch 6 surrounds the endothelium of the VA and 

populates the BA by 108 hpf. Interestingly, these two populations of NC cells show 

disparate responses to FGF signaling; the first-wave of CNC cells do not require FGF 

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

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

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

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

distal portion of OFT in chick and mouse models (Topouzis and Majesky, 1996; Jiang et al., 

2000). The contribution of NC cells to the great vessels leading out of the heart had not been 

examined in zebrafish, in part due to the need of genetic tools to trace these cells. Using 

NC:mCherry, we permanently marked sox10 positive NC cells with mCherry and observed a 

previously unappreciated NC population. These cells migrate along aortic arch artery 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 (Santoro et al., 2009; Whitesell et al., 2014). The observation that 

ablating a NC population by FoxD3 and TFAP2 mopholinos reduced the mural cell 

coverage in the VA raises an intriguing possibility that mural cells in the OFT are of NC 

origin (Whitesell et al., 2014). Future investigation on whether and at what stages the sox10 

positive NC-derived cells differentiate into smooth muscles in the zebrafish will provide 

new insights into how NC cells involved in zebrafish OFT development.

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

to the myocardial layer has long been noted in fish (Li et al., 2003; Sato and Yost, 2003), 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 NC-derived cells 
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integrate into the myocardial layer along the entire primitive heart tube and adopt a 

myocardial fate between 24 and 30 hpf. The static number of NC-derived cardiomyocytes 

during the first three days of development is consistent with the relatively low proliferation 

of cardiomyocyotes during this period of time (Choi et al., 2013). After the addition of SHF-

derived cardiomyocytes, NC-derived cardiomyocytes become restricted to the middle 

section of the heart, suggesting that these cells do not migrate extensively once they 

integrate into the heart tube. These cells differ from those CNC cells characterized in chick 

and mouse in that they originate from a broader range of embryonic tissues (Sato and Yost, 

2003), migrate through more anterior pharyngeal arches (I and II) (Fig.2) and do not require 

FGF signaling (Fig.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 (Tomita et al., 2005; Tamura et al., 2011). 

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 in 

zebrafish (Tomita et al., 2005; Tamura et al., 2011). It would be of great interest to evaluate 

whether the PO1-derived NC cells represent a mammalian counterpart to NC-derived 

myocardial cells observed in the fish model.

NC-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 neural 

crest cells. This phenotype resembles the defect in recruiting SHF-derived myocardium to 

OFT in mouse and chick NC-deficient models (Yelbuz et al., 2002; Waldo et al., 2005; 

Hutson et al., 2006). Elevated FGF8 signaling was observed in CNC-ablated chick embryos 

and blocking FGF signaling was sufficient to restore the OFT myocardium (Hutson et al., 

2006), 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 CNC cells 

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 (Auman et al., 2007; Chi et al., 2008). Future studies on whether NC cells 

directly regulate the differentiation of the AV boundary and the remodeling of the 

developing ventricle would provide new insights into the biological requirement of NC cells 

in heart development.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Neural crest cells contribute to distinct cardiovascular compartments in two 

waves.

• A stream of neural crest cells integrates into the primitive heart tube and adopts 

a myocardial fate.

• A second wave of neural crest cells encircles the ventral aorta and populates 

bulbus arteriosus.

• FGF signaling is dispensable for neural crest integration to the heart tube, but is 

instrumental to their contribution to the outflow tract.

• Neural crest ablation impairs cardiac maturation and inhibits the recruitment of 

second heart field progenitors.
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Fig. 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 from a lateral 

view (anterior to left). The mCherry positive cells are found in cranial and trunk neural crest 

(box enlarged in inset). (C) Ventral view of the anterior region (indicated by red box on 

illustration) of NC:mCherry; kdrl:GFP embryo at 108 hpf (anterior to left). The mCherry 

positive cells are observed in craniofacial structures, as well as the heart (arrowhead) and 

around the ventral aorta (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. 
Neural crest cells contribute to the primitive heart tube.

(A-J) Confocal images of vibratome sections of NC:NfsB-mCherry; myl7:nucGFP embryos. 

Orientation of each section is indicated by illustration on the left. 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, D, dorsal; V, ventral; A, 

anterior; P, posterior.
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Fig. 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-D’”) 

Confocal image of the ventricle of a NC:NfsB-mCherry; myl7:nucGFP embryo at 72 hpf. 

Immunostaining for α-actinin (white) demonstrates well-developed sarcomeres in NC-

derived cardiomyocytes. Scale bar = 5µm. (E) Quantification of the number (top) and the 

percentage (lower panel) of NC-derived cardiomyocytes (positive for both mCherry and 

nucGFP) at 30 hpf, 60 hpf and 78 hpf. (F) At 78 hpf NC-derived cardiomyocytes contribute 

primarily to the proximal ventricle (12.7±1.9) and proximal atrium (4.7±2.9), with very little 

contribution to the distal ventricle (0.5±0.8) and distal atrium (1.2±1.5) (n=6). *, p < 0.05; 

ns, not significant.
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Fig. 4. 
Neural crest-derived cells surround the endothelium of the ventral aorta and bulbus 

arteriosus. (A-A’’) A confocal projection of a ventral view of the BA and VA of a NC:NfsB-

mCherry; kdrl:GFP embryo at 60 hpf (anterior toward top). Arrowheads point to neural 

crest cells 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’’’) show 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 arteriosis; PAA6, pharyngeal arch artery 6, scale bar = 

20µm.
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Fig. 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) Percent coverage of the 

ventral aorta by NC-derived cells for DMSO-treated control embryos, and embryos treated 

with SU5402 from 42-48 hpf. Cartoon illustrates the 50µm area of the VA assessed for 

coverage by mCherry positive cells. Red represents mCherry cells and green represents the 

endothelium of the VA and BA. (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’’). (E-

F’’) Confocal projections of DMSO-treated control (E-E’’) and SU5402-treated NC: 

mCherry; myl7:GFP embryos. VA, ventral aorta; BA, bulbus arteriosus, A, atrium; V, 

ventricle. Scale bars = 20µm. ***, p < 0.001.
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Fig. 6. 
Neural crest ablation affects cardiac function and morphology.

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. Scale bar = 20µm. (C) 

Graph indicates heart rate in Mtz-treated NfsB-mCherry (−) controls and Mtz-treated NfsB-

mCherry (+) NC-ablated embryos at 33 hpf. (D) Graph indicates ventricle length of Mtz-

treated NfsB-mCherry (−) controls and Mtz-treated NfsB-mCherry (+) NC-ablated embryos 

at 48 hpf and ventricular myocardial cell number at 72 hpf. (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 ratio 

between the longest and shortest axis of each outer (green) and inner (blue) curvature 

myocardial cell in control and NC-ablated embryos. ** p < 0.05; *** p < 0.001.
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Fig. 7. 
Requirement for neural crest cells in the recruitment of second heart field progenitors.

(A-B) 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 photoconverted 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 Kaede proteins are 

present throughout the myocardium in NC-ablated embryos, indicating a defect in the 

recruitment of second heart field progenitors. Scale bar = 20µm.
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