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ABSTRACT 

The neural crest is a migratory stem cell population that gives rise to the craniofacial skeleton, 

heart septa, pigment cells, and peripheral nervous system.  Defects in neural crest 

development can lead to a broad range of congenital diseases, e.g., persistent truncus 

arteriosus, characterized by a mixture of oxygenated and deoxygenated blood, is related to 

the absence of the neural crest-derived outflow tract septum. Thus, a thorough understanding 

about neural crest migration, differentiation, and cell fate can shine lights on diagnosis and 

treatment of many congenital defects. A long-standing question is whether neural crest cells 

are composed of multipotent cells capable of giving rise to a wide range of cell types, or a 

mixture of fate-determined cells migrating to their destinations. Avian embryos resemble 

humans during neural crest development, but are more accessible to experimental 

manipulations than mammalian models, making them an ideal model to study the neural 

crest. Despite the abundance of information obtained from elegant experiments through 

interspecies grafting, the avian model lacks a direct tool to determine whether these cells are 

multipotent in vivo.  

Here, we present a new clonal analysis tool that takes advantage of Replication Incompetent 

Avian retroviruses (RIAs). We validate the method in vitro and present the potential 

application in the chick embryo to test the multipotency of the trunk neural crest. Next, we 

perform RIA-mediated lineage tracing at a population level and uncover cardiomyocytes as 

a previously unknown cardiac neural crest derivative in both chicken and mouse. 

Furthermore, we utilize RIA-mediated clonal analysis to identify individual premigratory 

vagal neural crest cells as a multipotent stem cell that forms cell types in both the heart and 
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the gut. We then confirm the results by single-cell photoconversion assay that further 

confirms that migrating neural crest cells are also multipotent. Time-lapse imaging shows 

that stochastic post-mitotic migration is a cellular mechanism underlying multipotency. 

Finally, molecular perturbation experiments show that CXCR4 and RET are essential 

guidance cues for migratory neural crest cells to enter the heart and the gut, respectively. 

Together, these results demonstrate the utility of using RIA viruses to tackle questions 

regarding the lineage, developmental potential, and migratory pathways followed by neural 

crest cells in avian embryos. 
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xv 
NOMENCLATURE 

Cardiac neural crest: delaminates from dorsal neural tube adjacent to mid-otic-somite 3. 

Posterior vagal neural crest: delaminates from dorsal neural tube adjacent to somite 4-7.  

Caudal hindbrain neural crest: refers to the population including cardiac neural crest and 
posterior vagal neural crest.  

Sacral neural crest: delaminates from dorsal neural tube posterior to somite 28. 

Dorsal root ganglia: a region of gathered sensory cell bodies adjacent to the spinal cord, 
derived from the neural crest. 

Cranial nerve IX: the glossopharyngeal nerve, derived from the neural crest. 

Pharyngeal arch arteries: refers to embryonic form of great arteries in the neck that 
undergo rearrangement during development. Cardiac and posterior vagal neural crest cells 
reside in this region during migration.  

Cell lineage: tracing an individual cell or a group of cells from an early embryonic stage to 
assess the distribution of derived cells at later stages.  

Clone, clonal relationship, clonal analysis: a clone is defined by a group of cells derived 
from a single progenitor cell. Such group of cells are clonally related. Clonal analysis is a 
study to retrieve clonal relationship between the cells.  

 

 

 

 

 

 

 

 



 

 

1 
C h a p t e r  I  

THE NEURAL CREST 

Part of this chapter was published as Tang, W. & Bronner, M. E. Neural crest lineage analysis: From 

past to future trajectory. Development 147, (2020). DOI: 10.1242/dev.193193 

ABSTRACT 

Since its discovery 150 years ago, the neural crest has intrigued investigators due to its 

remarkable developmental potential and extensive migratory ability. Cell lineage analysis 

has been an essential tool for exploring neural crest cell fate and migration routes.  By 

marking progenitor cells, one can observe their subsequent locations and the cell types into 

which they differentiate. Here, we review major discoveries in neural crest lineage tracing 

from a historical perspective. We discuss how advancing technologies have refined lineage 

tracing studies, and how clonal analysis can be applied to questions regarding multipotency. 

We also highlight how effective progenitor cell tracing, when combined with recently 

developed molecular and imaging tools such as single-cell transcriptomics, single molecule 

fluorescence in situ hybridization and high-resolution imaging, can extend the scope of 

neural crest lineage studies beyond development to regeneration and cancer initiation. The 

context of Chapter I will be enriched by the following chapters, with a focus on retroviral 

lineage tracing techniques to conduct population level lineage tracing, clonal analysis in 

combination with time-lapse imaging, and single-cell transcriptomics.  

 

 



 

 

2 
1.1 A LONG-STANDING QUESTION IN NEURAL CREST CELL FATES 

The neural crest is an embryonic stem cell population unique to vertebrates. In 1868, 

Wilhelm His first described the “Zwischenstrang” as a band of cells residing between the 

neural tube and epidermis that later migrates laterally to form the spinal ganglion1. Today, 

this cell population is known as the neural crest. Induced at the neural plate border, neural 

crest cells undergo an epithelial-to-mesenchymal transition (EMT) to leave the neural tube.  

They then migrate laterally and ventrally, eventually giving rise to cell types as diverse as 

cartilage of the head, connective tissue, pigment cells, cardiac outflow septum, and peripheral 

nervous system.  As cells arising from different levels of the rostrocaudal body axis give rise 

to different cell types, the neural crest can be subdivided into cranial, vagal, trunk, and sacral 

subpopulations.  

Although experimental embryologists over the past century have mapped neural crest cells 

at all these axial levels, recent studies using refined tools have revealed previously 

unrecognized neural crest derivatives and behaviors. Thus, there are many interesting open 

questions about neural crest development.  For example, how do migrating neural crest cells 

interact with each other, both molecularly and mechanically? How are lineage decisions 

coupled with migration and how do neural crest cells interact with the rapidly developing 

surrounding tissue? Since neural crest cells have stem cell properties, what is their degree of 

fate restriction versus multipotency to form diverse cell types? How does this vary along the 

rostrocaudal body axis?  In the adult, do neural crest-derived cells participate in tissue repair? 

How and why do things go wrong, resulting in neural crest-derived tumor formation?  These 
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questions require means to indelibly label the progeny of single cells or specific groups of 

neural crest cells in vivo, while enabling assessment of their transcriptomic landscape, spatial 

characteristics, and cellular dynamics.  

In this chapter, we describe how the neural crest was studied from a chronological 

perspective, beginning with methods for lineage tracing at a population level, followed by 

recent advances in clonal analysis to explore the developmental potential of individual cells. 

We comment on advantages and limitations of different approaches, and adaptation of new 

tools to questions in the field as technology proceeded. Lastly, we extend the discussion to 

the broader application of lineage tracing of neural crest-derived cells during regeneration 

and cancers.  

1.2 WHERE DO THEY GO? WHAT DO THEY BECOME? 

In the first half of the 20th century, the neural crest was studied intensely by experimental 

embryologists primarily using amphibian embryos taking advantage of vital dye labeling, 

interspecies/heterotopic grafting, and cell ablation techniques. In 1950, Sven Hörstadius 

presented a thorough overview of the state of knowledge regarding neural crest induction, 

migration, and differentiation. Although the neural crest then was “only sparsely treated by 

the authors of text books2”, many of the results and perspectives in the book remain 

incredibly insightful. The broadness and accuracy of knowledge obtained by removing, 

grafting or rotating pieces of tissue is remarkable from today’s perspective.  
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1.2.1 THE DAWN OF EXPERIMENTAL EMBRYOLOGY 

One lineage tracing experiment Hörstadius addressed as “exceedingly beautiful” was 

performed by Ross Harrison in 1935.  To understand whether neural crest cells contribute to 

the gill arch skeleton, Harrison exchanged hindbrain regions between two amphibian species, 

Amb. punctatum and Amb. tigrinum or mexicanum, whose gill arch sizes vary. After neural 

crest cells had migrated to the arch, the branchial arch itself — including both donor and host 

cells — was transplanted into another host of the same species. In this way, only branchial 

neural crest cells were derived from the donor. Gill size in the resulting chimera matched that 

of the donor on the transplanted side, suggesting that intrinsic information in the neural crest 

contributed to the arch skeleton3 (Fig.1-1A). The migratory properties of neural crest cells 

were examined in a similar way by Victor Twitty, who interchanged trunk neural crest cells 

between two species of salamander, Tr. rivularis and Tr. Torosus, with distinct pigment 

patterns. He discovered that grafted cells undergo migratory patterns characteristic of the 

donor,  indicating that intrinsic properties of the pigment cells, rather than the environment, 

affected cell migration4 (Fig.1-1B). A caveat of such interspecific grafts, however, is that 

they may alter normal tissue interactions thus modulating signaling and timing events 

between donor and host tissues in unpredictable ways2.  

Thanks to the ability to combine different tissue types, grafting experiments have also 

provided insights into cell-cell interactions. To distinguish whether cranial neural crest cells 

can differentiate into cartilage autonomously, or if tissue interactions are required, Hörstadius 

and others transferred cranial neural crest cells into the trunk region5. Unless other 
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manipulations such as removing the somite or grafting endomesodermal cells from the gill 

arch were conducted concomitantly, cranial crest cells could not differentiate into cartilage 

in the trunk. This suggested that, at the stage grafted, neural crest cells were not yet fated 

toward chondrogenic lineages. Moreover, differentiation into cartilage required interaction 

with adjacent tissue at the cranial region or signals from the environment released at the 

wound where the somite was removed5 (Fig.1-1C). Interestingly, these results differ from 

similar experiments carried out in birds, which suggest that some avian cranial neural crest 

cells can form cartilage nodules when transplanted to the trunk6. This may be due to species-

specific differences or evolutionary changes that render the amniote cranial neural crest gene 

regulatory circuitry more hard-wired to form craniofacial cartilage7.     

While amphibian transplantations elegantly pioneered the field of neural crest experimental 

embryology, several controversies arose because only partial answers could be obtained, as 

acknowledged by the authors. In the following decades, neural crest researchers expanded 

lineage analysis methods to adapt to various model organisms. As predicted, these efforts 

greatly revolutionized the field by “attack(ing) the problems on sufficiently broad lines2”.   
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Figure 1-1. Understanding neural crest development through transplantation experiments. (A) A neural crest 

contribution to the gill arch skeleton was mapped by interchanging hindbrain and ectoderm (arch crest, red) 

between Amb. punctatum and Amb. tigrinum. After migration, the pharyngeal wall (red) containing neural crest 

cells from the donor (Amb. tigrinum) was transplanted into another host. In the chimeric animal, gill arch 

skeleton on the transplanted side was larger than the host side due to different growth rates between the two 

species, demonstrating that the gill arch skeleton originates from hindbrain neural crest3. (B) Neural crest cells 

give rise to melanophores. To understand whether patterning information is intrinsic to neural crest cells or 

imparted by the environment, trunk neural crest was reciprocally exchanged between two species, Tr. rivularis 

(red) and Tr. torosus (green).  When grafted into other species, pigment cells continued to form patterns 

characteristic of the donor, indicating that pigment distribution is dependent on the intrinsic ability of neural 

crest cells to migrate and aggregate4. (C) Heterotopic grafts were utilized to explore the role of tissue interactions 

during neural crest chondrogenesis. Usually, cranial neural crest (arch crest, red) cells cannot give rise to 

cartilage when grafted to the trunk. However, when endomesodermal cells (green) were grafted from the gill 

arch to the trunk, or when the somites in the trunk were removed (blue dashed lines), the grafted cranial crest 

cells differentiated into cartilage, suggesting that interaction with branchial endomesodermal cells, or signals 

released by somite removal, are required for chondrogenic differentiation5. Colored arrows represent grafting; 

grey arrows represent development.  

1.2.2 QUAIL-CHICK AND OTHER CHIMERAE 

Two decades after publication of Hörstadius’ treatise on the development of amphibian 

neural crest, Nicole Le Douarin extended grafting techniques to avian models by taking 

advantage of the fact that quail and chick embryos resemble one another closely 

morphologically, but can be easily distinguished at the cellular level; quail cells have 

condensed heterochromatin in their nucleoli whereas chick cells are euchromatic such that 

cells of the two species can be distinguished by staining for DNA.  In these chimerae, the 
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dorsal neural tube or neural folds from quail donors are grafted to replace chick host tissue 

of equivalent stages for lineage tracing, or different stages for exploring the developmental 

potential of the grafted cells. Utilizing this technique, Le Douarin and colleagues identified 

several populations of neural crest cells along the body axis. The most rostral “cranial” neural 

crest cells formed the dermis of the face and neck, large arteries, craniofacial bone and 

cartilage, as well as cranial ganglia8. Vagal neural crest from the caudal hindbrain formed 

the enteric neurons of the gut, including the large intestines and rectum9. Trunk neural crest 

cells formed dorsal root and sympathetic ganglia as well as contributing to the adrenal gland6.  

Like the vagal neural crest, the sacral neural crest also contributed to the enteric nervous 

system but was restricted to the post-umbilical region9. Neural crest from all axial levels were 

found to contribute to melanocytes6. 

Quail-chick chimerae were particularly useful for fine resolution fate mapping of the skull, 

revealing that cranial neural crest derived from each rhombomere contributed to distinct 

segments of the skull10,11. Similarly, the caudal hindbrain or “cardiac” neural crest was shown 

to contribute to the aorticopulmonary septum of the heart12,13. Moreover, surgical removal of 

the cardiac neural folds resulted in defects in the formation of the outflow tract septum, 

phenocopying the human congenital defect Persistent Truncus Arteriosus14, which results in 

mixing of blood flowing to and from the lungs, and transposition of the vessels.  

Quail-chick grafting approaches made it possible to challenge cells by exposing them to 

diverse environments at distinct times. To analyze the developmental potential of the cranial 

neural crest, Le Lievre and Le Douarin performed “back-transplantation” experiments by 
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placing pieces of the nodose ganglion, whose glia are neural crest-derived, onto the neural 

crest migration pathway of a younger chick embryo. The results showed that some quail cells 

resumed migration and contributed to autonomic structures, suggesting that environmental 

factors can turn back the differentiation clock15. Typically, the first neural crest cells to 

emigrate from the neural tube move the furthest ventrally, e.g. forming craniofacial cartilage 

whereas later migrating cells remain closer to the neural tube.  However, when grafted to 

replace early migrating cells, late migrating cells still gave rise to jaw skeleton, thus 

demonstrating that the early and late migrating population have similar developmental 

potential16. Whereas these studies demonstrated developmental plasticity, others suggested 

that axial level-specific patterning information may be inherent to some neural crest 

populations prior to emigration. For example, in 1983, Drew Noden replaced cells that would 

normally migrate into second or third arches with cells of the first arch, resulting in ectopic 

beak formation, suggesting that some neural crest cells retain axial level-specific patterning 

information17.  

Neural crest formation is controlled by a feed-forward gene regulatory network (GRN) 

comprised of transcription factors and signaling pathways, partitioned into developmental 

module that control events from induction at the neural plate border to differentiation into a 

numerous cell types18. While all neural crest cells share common GRN components, there 

are also regional differences along the body axis. This raises the important question of what 

transcription factors underlie different neural crest axial identities as distinct as cranial, vagal 

or trunk? With recent progress in transcriptomics, it has been possible to revisit classical 

grafting techniques to identify axial level-specific GRNs that determine neural crest identity. 
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For example, trunk neural crest, when grafted in place of cranial or cardiac neural crest, 

maintains its original axial identity and cannot give rise to cranial cartilage or contribute to 

the cardiac outflow septum. However, when genes of a cranial-specific subcircuit of the 

GRN, namely Sox8, Tfap2b and Ets1, are expressed in the trunk neural tube, this is sufficient 

to activate a cranial-specific promoter in trunk neural crest cells. Moreover, when this 

“reprogrammed” trunk neural tube is grafted to the head, these cells can differentiate into 

cartilage, something that trunk neural crest cells normally cannot do19.  Similarly, ectopic 

expression in the trunk neural tube of genes comprising a cardiac crest-specific subcircuit, 

Sox8, Tgif1 and Ets1, can redirect trunk neural crest cells grafted in place of ablated cardiac 

neural crest to migrate into the cardiac outflow tract, thus rescuing persistent truncus 

arteriosus20. These two examples demonstrate that subtle differences in gene regulatory 

architectures can alter neural crest cell fate and account for axial level-specific differences 

between neural crest subpopulations. 

While quails and chicks were chosen for chimeric analyses due to their similarities, other 

chimeric combinations have been chosen for their distinct characteristics. For example, 

because ducks have different head and jaw structures compared to quails, the role of neural 

crest cells in morphogenesis of the cranial skeleton can be analyzed through quail-duck 

(quck) chimerae21. In these qucks, mesenchymal neural crest forms a beak22 and branchial 

skeleton23 characteristic of the donor. These results suggest that, despite environmental and 

tissue interactions, neural crest-derived cells follow the patterning information of the donor 

species. More recent studies using the quck chimeric system have explored molecular aspects 
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of species-dependent morphogenesis, including cell cycle regulators24, rates of bone 

resorption25, and FGF/TGFb signaling26.  

The mouse-chick chimeric system offers a similar advantage to study morphological 

features, such as the development of teeth. Whereas teeth have many neural crest-derived 

components, including condensed dental mesenchyme, dental papilla, odontoblasts, and 

dentine matrix, chickens lack teeth. Interestingly, combining molar mesenchyme from the 

mouse with chick epithelium can trigger tooth development in the chick27,28, suggesting that 

loss of odontogenesis during avian evolution is associated with the loss of a signal from the 

chick mesenchyme. Another advantage of rodent-avian chimerae is that this approach 

enables the use of mammalian genetics in a surgically accessible environment. For example, 

neural crest cells from splotch mutant mice can migrate normally after being grafted into 

chick embryos, suggesting that an abnormal tissue interaction is the underlying cause of 

defective neural crest migration in the mutant rather than a defect intrinsic to the neural 

crest29. Recently, rat-chick chimerae were utilized to study the developmental potential of 

enteric precursor cells30. By transplanting mouse hindgut into a chick-quail host before neural 

crest colonization, another study was able to show that components of the extracellular 

matrix, such as Collagen 18 and Agrin, secreted by enteric neural crest precursors direct their 

migration through a cell-specific microenvironment31,32.  These methods have also revealed 

that a limited number of progenitor cells can give rise to a vast number of enteric neurons;  

enteric precursor cells were termed “superstars” due to their extensive proliferative and 

colonization ability33.   
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Despite their utility, interspecies grafts have some disadvantages.  For example, grafts 

require healing time, such that cell migration might be delayed, potentially causing some 

early-migrating neural crest derivatives to have been missed. In addition, differences in 

developmental timing and cellular environment between distinct, albeit related, species may 

change cell behavior. Thus, many interspecific chimerae have been or are being reproduced 

with intraspecific grafts using GFP chick donors to circumvent the challenges of using two 

different species.  A useful complement to these experiments is the direct labelling of neural 

crest cells in situ through non-invasive approaches such as dye or viral labeling, as discussed 

below.  

1.2.3 DYE LABELING 

In the 1980s and 1990s, vital dyes such as fluorescent dextrans like lysinated rhodamine 

dextran (LRD) or the lipophilic dye DiI were widely used for labeling single or populations 

of neural crest cells. These approaches have the advantage of enabling direct observation of 

the labelled cell or population using a fluorescence microscope immediately after injection; 

however, these labels are transient, and the signal only remains visible for a few days due to 

progressive dilution as neural crest cells divide. Because vital dye is less invasive, flexible 

and requires almost no healing time compared with grafting experiments, it is an ideal tool 

to analyze early neural crest migration events. For example, using DiI injection, Serbedzija 

and coworkers traced dorsolateral and ventral pathways of trunk neural crest migration. By 

injecting at distinct time points, the authors concluded that cells that migrate first give rise to 

the most ventral structures34. Similarly, another study took advantage of focal injection into 
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a small group of cells to map the migration of cranial neural crest from particular 

rhombomeres into the branchial arches35. Combined with ex utero culturing technique, vital 

dye also has been applied to study trunk36, cranial37,38 and sacral39 neural crest cells in 

mammalian systems.  

Dye injection is an ideal complementary approach to other lineage tracing methods, such as 

grafting40, retroviral lineage tracing41, or neural crest-specific genetic lines42. For instance, 

one study combined the use of Wnt1-Cre mice with Dil injection at specific axial levels to 

study lineage contributions to craniofacial mesenchyme. The results showed that the frontal 

and parietal bones of the skull originate primarily from proliferation of cranial neural crest-

derived cells, with only a minor contribution from the adjacent tissue42.  

1.2.4 RETROVIRUSES FOR LINEAGE TRACING 

Genetic cell labelling via retroviral infection was developed in birds in the 1980s and 90s 

and was applied to studies of the central and peripheral nervous system43. To prevent 

horizontal infection of adjacent cells, envelop protein was removed from the viral genome, 

creating a recombinant replication incompetent retrovirus. By removing its ability to transmit 

infection to other cells, an infected progenitor cell can faithfully pass the reporter signal only 

to its descendants44. Using LacZ as a reporter, retroviral labelling studies have been applied 

to map the contributions of cardiac neural crest cells to smooth muscle and neurons of the 

cardiovascular system45, and to study vagal neural crest migration into the enteric nervous 

system46.  This type of lineage tracing also confirmed trunk neural crest contributions to the 

sympathetic chain ganglia and melanocytes47, and colonization of sacral neural crest in the 
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post-umbilical bowel34.  The results were consistent with those obtained through vital dye 

labeling and quail-chick chimera. Because retrovirus can permanently integrate reporters 

such as LacZ into the host genome, a unique advantage of this tool is that it supports long 

term analysis without signal dilution through time. On the other hand, retrovirus-based 

labelling is not ideal for short term analysis, because viral reporters require at least 12 hours 

after initial contact with the cells to be expressed at sufficient levels for detection.  

1.2.5 NEURAL CREST-SPECIFIC DRIVER LINES 

Unlike amphibians and birds, mammalian embryos are less accessible to surgical 

manipulations. On the other hand, injection and transplantation-based approaches only label 

a subpopulation of cells, leaving open the possibility that some contributions may have been 

missed.  Using the power of genetics, the Cre-loxP system in combination with a neural crest-

specific driver line was established to label the neural crest population in mammalian 

embryos for long term lineage analysis. Commonly used Cre-driver lines, recently reviewed 

in detail by Debbache et al48., include P3Pro-Cre49 and Wnt1-Cre50 for premigratory neural 

crest, and Ht-PA-Cre51, P0-Cre52, Sox10-Cre53, and Mef2c-F10N-Cre54 for migratory neural 

crest. Wnt1-Cre has been successfully utilized in fate mapping of cranial55 and cardiac neural 

crest cells56. The comprehensive nature of Wnt1-Cre driver lines can uncover patterns of 

morphogenesis, which sparse labeling cannot achieve. For example, during tooth and 

mandibular development, Wnt1-Cre labelled neural crest cells are dynamically located at the 

chondrogenic front, while mesodermal tissue contributes to the interior of the cartilage55. To 

circumvent the potential caveat caused by Wnt1-Cre driver lines due to ectopic activation of 
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Wnt signaling pathway, a new Wnt1-Cre2 transgenic mouse line was introduced to label 

the neural crest in a similar manner but without ectopic Wnt expression57.  

A number of reporter lines have also been developed to label neural crest cells in zebrafish. 

One such line that is widely utilized is Tg(-4.9sox10:egfp)58, in which a Sox10 regulatory 

element drives GFP in neural crest and otic placode cells59,60. Foxd3 is also an early neural 

crest specifier essential for maintaining some neural crest fates61,62. Expressed in both cranial 

and vagal/trunk regions, its enhancers can be used to drive reporter expression in the entire 

neural crest lineage63. Additionally, Snai1b64, Crestin65, and Fli1a66 reporter lines have been 

harnessed to understand neural crest-related events such as EMT, melanoma initiation, or 

ectomesenchymal fate decision, respectively.  

Taken together, neural crest driver lines in mammalian and zebrafish models provide a stable 

and reproducible approach for lineage tracing. In addition, neural crest lines with inducible 

Cre allow for time-specific recombination and clonal analysis, as discussed in the following 

section.  One issue, however, is that these lines can be “leaky” and thus prone to ectopic 

expression in some cases.   

1.3 STEM CELL PROPERTIES OF THE NEURAL CREST: ARE THEY 

MULTIPOTENT? 

Because neural crest cells are highly migratory, it is more challenging to determine whether 

individual progenitors can give rise to multiple cell types than in progenitors whose progeny 

remain in close proximity (e.g. neural tube cells). A question of interest has been whether 
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individual neural crest cells are multipotent (i.e. able to differentiate into several cell types) 

or restricted (i.e. only able to form single or limited cell types) prior to or during their 

migration. To distinguish between these possibilities, one needs to trace the progeny of 

individual progenitors at clonal resolution. In the following sections, we discuss both 

classical and recent methods for clonal analyses of neural crest stem cells.  

1.3.1 IN VITRO CLONAL ANALYSIS 

Neural crest clonal analysis was first performed by isolating quail neural crest cells that 

migrated away from neural tube explants, dissociating them into a single cell suspension, 

seeding them at low density into multi-well plates, and screening for wells with only one 

cell. Differentiation of clones was subsequently analyzed by immunostaining with cell fate 

markers. Using this approach, Sieber-Blum and Cohen showed that single neural crest 

progenitors give rise to three types of clones: pigmented clones differentiating into 

melanocytes, unpigmented clones giving rise to adrenergic cells, and mixed clones. 

Differentiation occurred without direct interaction with non-neural crest cells, suggesting 

intrinsic multipotency of these progenitors67. After 7-10 days in culture, clonal progeny 

exhibited migratory behavior and differentiation potential when injected back to chick 

embryos, suggesting that some progenitors remained multipotent68.  

In the early 1990s, Stemple and Anderson showed that individual mammalian neural crest 

cell clones in vitro were able to self-renew and give rise to both neuronal and glia fates69. 

However, single derivative clones were also isolated70, with TrkC marking neuronal only 

clones while cKit marked melanocytic only clones71.  Clonal analysis of quail cranial neural 
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crest cells revealed broad developmental potential into both neuronal (neurons, glia) and 

mesenchymal (cartilage, connective tissue) cells of the head72,73. This multipotent character 

was amplified by addition of Sonic hedgehog72,73. Taken together, these studies suggest that 

migratory neural crest cells in amniotes appear to consist of a mixture of multipotent 

progenitors and progenitors that contribute to a single derivative.  Whether the latter were 

restricted to a particular fate (i.e. unipotent) is unclear since these experiments can only assay 

cell fate but not developmental potential. Moreover, multipotent premigratory neural crest 

cells could not be maintained long term until the discovery of neuroepithelial “crestospheres” 

obtained from neural tubes prior to neural crest emigration74. These culture conditions enable 

neural crest self-renewal and maintenance of multipotency for weeks. When placed in 

differentiation media or injected back into the embryo, crestosphere cells gave rise to all 

neural crest derivatives, including glia, neurons, smooth muscle, cartilage and melanocytes74.  

Given the limited tools available for clonal analysis within an embryo, these in vitro systems 

provided invaluable information about intrinsic neural crest stem cell properties. However, 

cultures are typically maintained in rich medium containing many growth factors as well as 

on extracellular matrix-rich substrates. Addition of certain grown factors can drive clones 

toward different pathways of differentiation, with NGF promoting neuronal fate and 

GGF/neuregulin promoting glial fate67. In serum-deprived medium, neural crest cells tend to 

differentiate towards neuronal fates, whereas the presence of serum facilitates proliferation75. 

The influence of such factors in the culture medium suggests that environmental cues may 

be important for cell fate determination, thus necessitating studying the stem cell properties 

and developmental potential of individual neural crest cells within an in vivo context.  
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1.3.2 VITAL DYE LABELING OF A SINGLE NEURAL CREST PROGENITOR 

Using microinjection of vital dye into a single premigratory neural crest cell, researchers 

further extended clonal analysis from cell culture into the embryo. By injecting the 

fluorescent dextran LRD into individual dorsal neural tube cells as well as some early 

migrating cells of chick embryos, Bronner-Fraser and Fraser found that descendants of 

individual precursors localized to distinct sites and formed cell types ranging from sensory 

and sympathetic neurons to non-neuronal cells and melanocyte precursors. They concluded 

that some premigratory neural crest cells are multipotent and that multipotency is maintained 

at migratory stages76,77. Supporting results were also obtained from studies in Xenopus 

laevis78 and mouse79. By adjusting the stage of vital dye injection, Serbedzija et al. showed 

that contributions to neural crest derivatives vary with time; earlier migrating cells gave rise 

to both dorsal and ventral structures, such as dorsal root ganglia, sympathetic ganglia and 

Schwann cells along the ventral root, while clones of late migrating cells were restricted to 

dorsal structures79. 

Vital dye injection into single progenitor cells was the first approach to provide clonal 

resolution in vivo. Although conceptually simple, this approach is technically challenging 

and has its limitations. For example, because a limited amount of dye is injected, the 

fluorescence signal becomes diluted by cell division and is undetectable after a few days. 

Additionally, for clonal analysis, only one cell is injected per embryo. Thus, it can be 

challenging to retrieve information since the injected cell may die in some cases or its 

progeny might be missed during tissue processing. As a result, there was a need for new tools 
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with increased ease of manipulation and ability to provide permanent labeling at a 

multiplex level. These shortcomings necessitated the genesis of genetic clonal analysis, as 

made possible by the advent of Confetti transgenic lines, multicolor retroviral analysis, and 

genome editing coupled with in situ hybridization.  

1.3.3 CLONAL ANALYSIS USING MULTICOLOR REPORTERS 

In genetic systems, clonal analysis can be achieved by site-specific recombination using 

neural crest lineage tracing lines that express Cre recombinase under the control of a neural 

crest-specific promoter, such as Wnt1, Plp or Sox10. When crossed with a reporter line, the 

genetic marker is permanently expressed in cells in which the promoter is active. Particularly 

useful for clonal analysis are inducible CreER lines that can be activated by tamoxifen 

treatment.  

The multicolor Brainbow reporter80, initially created for synaptic mapping in the brain, 

utilizes random recombination of three fluorescent proteins to generate more than 90 colors, 

each color uniquely assigned as a clone. This multicolor reporter, also called Confetti81, has 

been broadly applied for clonal analysis in developmental and stem cell biology.  By crossing 

inducible Wnt1-CreERT and Sox10-CreERT2 with an R26R-Confetti reporter line, it was 

shown that premigratory and migratory trunk neural crest cells are multipotent, contributing 

to cell types as diverse as sensory neurons, sympathetic neurons, glia, and melanocytes 

within one clone81. In conjunction with this, the Confetti system has also uncovered clonal 

organization of cranial neural crest during craniofacial morphogenesis82 and has revealed the 
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developmental potential of enteric precursor cells in the intestine to form neuronal-only, 

glial-only and neuronal-glial bipotent clones83.  

Subsequently, a zebrafish version of Brainbow, called Zebrabow became available84. Due to 

their transparency, quick development and accessibility, zebrafish embryos and larvae are 

ideal models in which to combine multicolor clonal analysis with dynamic imaging. Clonal 

analysis using Zebrabow has contributed to our understanding of various aspects of neural 

crest cell behavior, such as intercalation and oriented cell proliferation in Meckel’s cartilage 

morphogenesis85 and the role of Schwann cell precursors in cranial and trunk skeletal 

development86. Multicolor Zebrabow has also been adapted to explore coordinated cell death 

during brain development87.  

Brainbow has recently contributed greatly to our understanding of stem cells and 

regeneration in both fish and mice.  For example, it has been used to elucidate the mechanism 

of aging through clonal selection of epidermal stem cells88, ploidy reduction during liver 

regeneration89, and dynamics in clonal complexity after rounds of muscle injury90. In 

addition, this transgenic system has been invaluable in cancer studies, revealing clonal 

outgrowth of colorectal cancer91, clonal restriction in mammary tumors92, and Lgr5+ 

intestinal cancer stem cell proliferation and transition to polyclonal clusters with tumor 

progression93. Despite its wide application, multicolor clonal analysis requires careful 

consideration. First, tamoxifen dosage has to be optimized to achieve the desired 

recombination frequency. Without titration, labeling density might be too low to visualize 

multicolor clones, or too high such that it renders clonal relationships hard to interpret. In 
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addition, the presence of multicolor fluorescent proteins that occupy imaging channels 

limits the number of antibodies that can be used for downstream analysis, which is also 

reflected by retroviral multicolor system described in the next section.  

1.3.4 RETROVIRAL CLONAL ANALYSIS 

Retroviruses can integrate several kilobases of sequence (e.g. encoding barcodes, 

histological markers, fluorescent proteins) into the host genome and thus are very useful for 

lineage tracing. Clonal resolution is achieved by sparse labeling of locally restricted clones 

such as in the retina94–96 or multiple infection followed by barcode sequencing, more efficient 

for retrieving clonal information than sequencing for integration sites97. Combined with laser 

capture microscopy for spatially distinct cell populations, barcode-seq can provide highly 

complex lineage information through multiple infection with up to 105 tags. Accordingly, 

one study has shown that neural stem cells in mice become regionalized and diverge from 

other lineages by E11.598. Although the method provides clonal resolution while preserving 

spatial information, laser capture microscopy can be time-consuming, thus limiting the 

number of samples that can be assayed.  

In the neural crest field, histological markers and fluorescent proteins have been preferable 

because spatial information is essential for examining lineage relationships in this highly 

migratory cell type. Clonal analysis using replication incompetent avian (RIA) retroviruses 

(covered in detail in Chapter II-IV) was made possible by multiple simultaneous infection 

events, which occur very rarely. When a viral mixture infects the cells, the probability of a 

cell being infected by 2, 3, or 4 viral particles concomitantly can be calculated, assuming 
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each viral particle has equal opportunity to enter the cell99. As probability of multiple 

infections is extremely low, 2 or more viruses marking the same cell tends to occur once per 

embryo. Therefore, progeny carrying the same set of histological/fluorescent markers can be 

considered a clone. On this basis, Frank and Sanes used two viruses encoding LacZ in the 

cytosol or nucleus to map clonally related cells in the dorsal root ganglia, providing evidence 

for neural crest multipotency100.  

This method was recently extended by incorporating five fluorescent proteins, targeted to the 

nucleus, membrane, mitochondria or actin filaments, into RIA retroviruses, allowing 

multiplex clonal analysis of trunk neural crest cells101.  Infection of a single cell by two or 

more viruses encoding unique colors and/or subcellular localizations yields easily uniquely 

identifiable clonal descendants.  Applying this to trunk neural crest cells confirmed their 

multipotency, similar to results from single cell microinjections of LRD in chick and Confetti 

in the mouse76,77,81,101. Given that three different methods in two different species generated 

identical results, this is a nice example of “reproducibility” in science.  

Retroviral cell labeling also can be used to achieve stable molecular perturbation. For 

instance, retroviral overexpression of Id2 was shown to convert ectodermal cells into neural 

crest cells, indicating that regulation of Id2 is required for maintaining ectodermal fate102. 

Progress in viral engineering enables combining molecular perturbations with clonal analysis 

to understand fate decisions within clonally related cells. Compared with the Confetti system, 

multicolor retroviral lineage analysis provides more flexible spatiotemporal control. 

However, one should note that most retroviruses can only infect actively dividing cells103,104. 
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Additionally, as with tamoxifen titration in the Confetti system, precise titration is required 

to achieve the proper level of coinfection to guarantee clonality.  

1.3.5 SINGLE-CELL SPATIAL TRANSCRIPTOMICS AND GENOME EDITING-

BASED LINEAGE RECONSTRUCTION 

All clonal analysis approaches mentioned so far obtain clonal information based on cell 

counts, locations and cell fates observed at the last time point, thus providing a single 

snapshot of cell fate. However, a complete lineage tree delineating each branching point or 

round of cell division is far more complex than that observed at the endpoint.  Much of the 

information occurring during neural crest induction, delamination, migration, condensation, 

differentiation and morphogenesis is therefore lost. This contrasts with elegant lineage 

analysis in C. elegans by Sulston and colleagues, which allowed direct visualization of the 

entire cell lineage of the organism105.  

Single-cell spatial transcriptomics, by dissecting cell trajectories at spatiotemporal level, 

aims to identify transient states and branch points in early cell fate decision106. Using this 

approach, Soldatov et al. identified transcription factors that bias neural crest cells towards 

sensory versus other cells fates, autonomic versus mesenchymal fates across multiple axial 

levels and migration states, therefore providing a comprehensive spatiotemporal map of 

murine neural crest fate decisions106.  

Another approach termed ‘memory by engineered mutagenesis with optical in situ readout’ 

(MEMOIR) holds the promise of achieving complete lineage reconstruction in complex 
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systems107. In this approach, CRISPR-Cas9 randomly deletes a series of barcoded 

sequences during cell division. The deletion is inherited by all daughter cells, with each 

daughter cell undergoing another round of random deletion and so forth. In this way, a cell-

specific deletion signature will record lineage information within its genome, which 

subsequently can be detected by single molecule fluorescence in situ hybridization 

(smFISH). As proof of principle, this method was applied in embryonic stem cells and was 

shown to be compatible with simultaneous detection of the pluripotency regulator Esrrb107. 

Prior to the development of MEMOIR, a technique called ‘genome editing of synthetic target 

arrays for lineage tracing’ (GESTALT) utilized DNA/RNA sequencing to retrieve edited 

barcodes and reconstructed a lineage tree with about 200, 000 cells in zebrafish embryos108. 

Based on a similar principle, another approach used CRISPR-Cas9 to generate random 

insertions and deletions in tandem GFP or RFP sequences, which can be retrieved with 

single-cell RNA sequencing to obtain developmental history109,110. However, these 

approaches require generation of a transgenic line prior to lineage analysis. Recently, a new 

method has been developed to identify and edit endogenous 5’G sequence in non-functional 

genomic region for CRISPR-Cas9-based phylogenetic fate mapping. This approach is useful 

in species in which transgenic animals cannot be easily obtained111.   

It is worth noting that, GESTALT and other methods based on deep sequencing obtain clonal 

information of a large number of cells at the expense of spatial information. Unfortunately, 

such spatial information is essential for neural crest lineage tracing. Thus, MEMOIR, 

although tracking fewer clones and genes, is complementary to sequencing-based 

GESTALT. Built upon MEMOIR, a technique termed ZOMBIE combines the advantage of 
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high-density barcoding through in vitro transcription with preservation of spatial 

information112. Future efforts toward a complete neural crest lineage tree hold the promise of 

applying these genome editing methods to uncover previously inaccessible information, 

including but not limited to: How do neural crest precursors make lineage choices? Which 

derivatives are clonally diverse, and which are derived from a limited number of progenitor 

cells? Is there a clonal selection process after neural crest cells aggregate to form derivatives 

like ganglia or cartilage? 

1.4 TISSUE-SPECIFIC ROLES: TRACING NEURAL CREST CELLS IN ADULTS 

Although the neural crest is a transient structure during development, neural crest-derived 

cells persist throughout life113. In addition, neural crest-derived cells that harbor stem cell 

properties reside within many adult tissues113. This raises the possibility that their unique 

developmental history can be harnessed in the adult during injury or disease. Neural crest-

derived cells in the adult encompass could either be undifferentiated cells or differentiated 

ones with plasticity to dedifferentiate under some circumstances. Here, we use two examples 

— the adult heart and cancer — to demonstrate how lineage tracing tools can help uncover 

the role of neural crest cells beyond embryogenesis. While heart regeneration and NF1-

associated tumor formation both suggest a role for already differentiated cells, the function 

of undifferentiated neural crest cells remains to be explored and may be important in other 

situations.  
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1.4.1 HEART DEVELOPMENT AND REGENERATION 

The adult zebrafish heart has the remarkable capacity to regenerate when up to 20% of the 

ventricle is surgically removed114, generating great interest regarding gene regulation and 

cell lineage decisions contributing to new cardiomyocytes during repair. A key question is 

whether new cardiomyocytes derive from a resident stem cell population, or from 

dedifferentiation of existing cardiomyocytes. Using the inducible transgenic line tg-cmlc2a-

cre-Ert2:tg-cmlc2a-LnL-GFP to trace cardiomyocytes, Jopling et al. discovered that new 

cardiomyocytes are derived by dedifferentiation and proliferation of pre-existing 

cardiomyocytes115. But whether dedifferentiation-proliferation was restricted to a specific 

subpopulation of cardiomyocytes remained unclear. Multiple lineage analyses suggest that 

the adult zebrafish ventricle is indeed heterogeneous, comprised of multiple subpopulations 

with distinct developmental origins. For example, in addition to the first and second heart 

fields, which are derived from mesoderm, neural crest cells migrate into the bulbus 

arteriosus, atrium and ventricle, as shown by uncaging fluorescein116,117, cell transplantation 

of fluorescently injected donors, and laser induction of hsp70-eGFP zebrafish81. This result 

was recently confirmed using advanced genetic lines, specifically NC:NfsB-mCherry for 

short term and Tg(NC:mCherry) for long term tracing118. This cardiac neural crest 

contribution is essential for normal heart function, as surgical ablation of the neural crest in 

zebrafish leads to decreased stroke volume, ejection fraction, and cardiac output80. In 

addition, genetically induced removal of neural crest-derived cardiomyocytes causes 

hypertrophic cardiomyopathy119. Together, these results demonstrate that zebrafish neural 

crest-derived cardiomyocytes are functionally important in the heart.  
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There is also evidence suggesting a neural crest contribution to the mammalian heart, 

which exhibits limited regeneration during a narrow window up to postnatal day 7120.  

Cardiospheres isolated from mammalian hearts, when injected into chick embryos, migrate 

like neural crest cells into the cardiac outflow tract114. Another study, using cKitCreERT2/+ 

and Wnt1::Flpe mouse lineage tracing lines, showed that neural crest cells give rise to a 

cKit+ stem cell population in the heart121. Analysis of the P0Cre-GFP transgenic mouse line 

also showed the presence of neural crest-derived cells as ventricular cardiomyocytes122. 

Moreover, these cells migrated toward the injury site through MCP-1 mediated 

chemoattraction123, indicating a role for cardiac neural crest-derived cells in heart repair.  

Recently, the contribution of neural crest cells to heart repair in amniotes was confirmed 

using Wnt1-Cre mice and retroviral lineage analysis in chick embryos124 (Fig.1-2A). 

Consistent with this, genetic ablation of cardiac neural crest cells in zebrafish impairs heart 

regeneration125. Sox10 and other neural crest GRN components are upregulated upon injury 

124,125(Fig.1-2B, C), suggesting that neural crest-derived cardiomyocytes contribute to heart 

regeneration. Future studies will elucidate the mechanisms underlying migration and 

proliferation of neural crest-derived cells during heart regeneration. Molecularly, CXCL2a 

expressed in the epicardium can chemoattract cardiac neural crest-derived cardiomyocytes 

through the receptor CXCR4128, making this a candidate ligand-receptor pair worthy of 

further analysis. Other examples implicating neural crest-derived cells in regeneration 

include a role for Schwann cell precursors (SCPs) in limb regeneration126 and chromaffin 

cell formation127. 
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Figure 1-2. Neural crest-derived cardiomyocytes contribute to zebrafish heart regeneration. (A, B) Neural crest-

derived cells persist as differentiated or stem cells residing in multiple organs, such as the craniofacial skeleton, 

peripheral nervous system, pigment of the skin (grey), and cardiovascular systems (green) in both amniotes (A, 

embryonic day (E) 5 chick) and fish (B, adult). (C) In the normal zebrafish heart, neural crest cells give rise to 

heart muscle (green) in the bulbus arteriosus (BA), atria (At.) and ventricles (Ven.). When the apex is surgically 

removed, these neural crest-derived cells participate in heart regeneration by migrating towards the injury site 

and redeploying genes that regulate neural crest development such as Sox10. Genetic ablation of these cardiac 

neural crest cells disrupts heart regeneration, leading to scarring (red)124,125. Grey arrows represent regeneration 

period.  
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1.4.2 TUMOR DEVELOPMENT 

Neural crest-derived cells, including melanocytes and cells of the peripheral nervous system 

(PNS), can develop into benign or malignant tumors upon genetic mutation (Fig.1-3A). 

Neurofibromatosis type 1 (NF1), characterized by café-au-lait spots, plexiform or cutaneous 

neurofibromas, gliomas, and cardiovascular abnormalities, is caused by loss of Nf1, which 

encodes a tumor suppressor in the Ras signaling pathway. A longstanding question is 

whether tumor forming cells arise from undifferentiated neural crest stem cells or 

differentiated PNS cells. Conditional deletion of Nf1 in the PNS (P0a-Cre: Nf1fl/-) suggested 

that tumors formed from differentiated neural crest-derived Schwann cells129. Similarly, Nf1-

deficient neural crest stem cells developed into normal PNS derivatives, but tumors occurred 

later in the abnormally differentiated Remak bundle130. Taken together, the results suggest 

that Nf1 deficiency predisposes neural crest progenitor cells to tumor development after 

differentiation (Fig.1-3B), highlighting the role of differentiated cells in tumor formation. 

Finally, using a Schwann cell precursor (SCP) driver line (Dhh-Cre) to delete Nf1 in SCPs 

resulted in plexiform neurofibroma, thus narrowing down the embryonic origin of 

neurofibroma-forming cells to SCPs131, with PLP-CreERT revealing the most susceptible 

time window of Nf1 loss to before SCP maturation132; these neurofibroma-forming SCPs are 

localized in the dorsal root ganglia133.  

Embryonic neural crest cells share many properties with cancer cells, including 

multipotency, migratory ability, general invasiveness, and transcriptional/epigenetic 

signatures134,135. A recent study used the Crestin:EGFP reporter line to create a zebrafish 
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model of melanoma initiation in which neural crest cells could be visualized and compared 

during embryogenic development and melanoma initiation. In BRAF mutant and p53-

deficient cancerized fish, Sox10 expression correlates with melanoma formation, activating 

the same regulatory elements as in neural crest cells65 (Fig.1-3C). In another zebrafish model, 

mcr:NRAS, the melanoma gene expression pattern was highly reminiscent of embryonic 

neural crest cells, as shown by upregulation of crestin, sox10, and dlx2a136. Yy1, transcription 

factor that regulates both neural crest development and melanoma initiation via regulating 

MITF and c-MYC expression137. A mutant model of melanoma developed in Xiphophorus 

hybrids, which form malignant melanoma under the control of oncogenic Xmrk, has provided 

insight into the signaling pathways and adhesion molecules involved in melanoma, 

especially in comparison to human skin cancer138–140. Exploring similarities and differences 

between normal developmental processes and tumor formation can inform upon ontogeny of 

neural crest-derived tumors. Thus, neural crest lineage tracing is an indispensable approach 

to identify tumor initiating cells that are only transiently present and challenging to detect.  
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Figure 1-3. Tracing neural crest cells in tumor development. (A) Neural crest-derived cells contribute to the 

peripheral nervous system (PNS, purple) and pigment of the skin (orange), as illustrated in a chick embryo at 

E5. (B) Plexiform neurofibroma is a tumor of the PNS caused by mutations in the tumor suppressor gene Nf1. 

By tracing neural crest cells throughout the tumorigenesis process in Nf1 knockout mice, studies found that 

Nf1-deficient neural crest cells differentiate normally. Tumors subsequently form by proliferation of 

differentiated Schwann cells. Thus, neural crest stem cells are not directly responsible for plexiform 

neurofibroma129,130. (C) Neural crest lineage tracing helps identify early signs of melanoma. In a zebrafish model 

with oncogenic mutations in P53 and BRAF, melanoma initiation is characterized by a normal pigment cell 

(orange) re-expressing neural crest-related genes, visualized by crestin:EGFP (green). This particular cell 

transforms into a neural crest progenitor-like fate and later expands into a tumor65. Grey arrows represent 

development.  
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1.5 CONCLUSIONS 

Lineage tracing at the population and clonal level has made essential contributions to 

discoveries in the neural crest field by application to a multitude of vertebrate embryos. 

While several reports have shown that many newly formed neural crest cells at cranial and 

trunk levels are multipotent, it is likely that that they become progressively fate restricted as 

they migrate and reach their final destinations106. Thus, the embryonic neural crest is a 

transient stem cell type. Interestingly, neural crest-derived cells persist into adulthood and 

may have important roles in tissue regeneration. On the other hand, abnormalities in these 

cells can lead to birth defects and several adult cancers. Thus, improved lineage tracing 

methods can extend knowledge of the neural crest from the early embryo to disease and 

injury models.  

It is worth noting that only vertebrates have bona fide neural crest cells. However, neural 

crest-like cells have been identified in non-vertebrate chordates like ascidians which have 

pigment cells141 and peripheral neuroendocrine cells142.  Even the basal chordate amphioxus 

has migratory ectodermal cells143 though not derived from the neural tube or neural plate 

borders. A major difference is that the precursors of these chordate cells tend to give rise to 

single cell types rather than being multipotent.  In contrast, basal jawless vertebrates like the 

sea lamprey have migratory and multipotent neural crest cells albeit less regionalized along 

the body axis than in jawed vertebrates. Accordingly, the lamprey neural crest GRN is most 

similar to the trunk neural crest GRN of amniotes. Indeed, region-specific neural crest GRN 
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components appear to have been progressively added to the neural crest GRN during the 

course of vertebrate evolution7.   

All lineage tracing methods described herein can be mixed and matched (Fig.1-4), making 

the advantages adaptable to numerous model systems (Table 1-1). Future studies are likely 

to refine current tools towards ever higher resolution and hold the promise of providing 

transcriptional and spatial lineage information coupled with identifying clonal relationships. 

Through genome editing or barcoding, clonal analysis approaches can be combined with 

RNA-seq to understand changes in transcriptional landscapes during critical cell fate 

decisions.  Clonal analysis coupled with molecular perturbations will provide a deeper 

understanding of the ways that differential gene expression can drive clonal diversification. 

At the same time, high-resolution imaging can be used to dynamically assess cell behavior 

during clonal expansion, providing new opportunities to manipulate cell fates in stem cell, 

regenerative and cancer studies. These combined approaches are likely to fulfill Hörstadius’ 

expectations some 70 years ago that2 “further investigations with a variety of methods and 

giving due consideration to possible sources of error will certainly give us a deeper insight 

into… the developing neural crest.”  
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Figure 1-4. Conceptual summary of clonal analysis workflow. Clonal analysis approaches can involve the 

following five elements: model systems (1), delivery methods (2), ways to achieve clonal resolution (3), signal 

representation, and information retrieval approaches (5). (1, 2) Stable transgenic lineage tracing lines can only 
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be obtained with genetic systems. However, non-genetic and new model organisms are also accessible 

through vital dye injection and retroviral transduction. (3) Clonal resolution is achieved by rare events such as 

multiple labeling, sparse labeling and random editing with CRISPR/Cas9 system. (4) Depending on how clonal 

resolution is achieved, one can utilize imageable materials such as fluorescent proteins, histological markers, 

probes, or sequences such as barcodes and endogenous CRISPR/Cas9 target arrays for downstream analysis. 

(5) All imaging and sequencing-based methods can obtain endpoint lineage information. Phylogenetic lineage 

reconstruction can be provided by multiplexed genome editing.  Sets of fluorescent markers, barcodes and 

endogenous target arrays are color-coded to indicate heterogeneity (magenta, blue, yellow, cyan, green, red). 

Dashed arrows suggest available choices in the following step.  

 

Table 1-1. Advantages of tools for neural crest lineage tracing. Table summarizes advantages of each lineage 

tracing method covered in Chapter I. Definition of terms: clonal resolution, ability to follow clonal relationship 

between cells; flexibility to change environment, being able to challenge a cell by moving it into regions distinct 

from its origin; non-invasive, to conduct experiments with endogenous environment undisrupted; temporal 

control, being able to initiate/terminate experiments at desired timepoints; long term, supports analysis into late 

developmental stages and adulthood; multiplexed, ability to obtain multiple readouts within an individual 

embryo, a property associated with clonal analysis; lineage tree reconstruction, information allows recording 

each round of cell division; non-accessible models,  tools available for embryos that develop in utero.  
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1.6 ORGANIZATION OF THE THESIS 

The key question we address in the thesis is whether neural crest cells are a group of 

multipotent cells capable of giving rise to a wide range of cell types, or are some fate-

determined cells. The thesis follows a storyline of first introducing the question, advantages 

and limitations of previously used techniques (Chapter I). Second, we develop a new 

retroviral tool (RIAs) that combines several advantages such as its usage in non-genetic 

models, ability to perform targeted infection, multiplexing, and ability to retain the signal in 

the long term (Chapter II). We then apply single-color RIAs to population level lineage 

tracing (Chapter III) and multicolor RIAs to combinatorial clonal analysis accompanied by 

time-lapse imaging (Chapter IV), leading to a conclusion in Chapter V. 
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C h a p t e r  I I  

MULTIPLEX CLONAL ANALYSIS IN THE CHICK EMBRYO USING 

RETROVIRALLY-MEDIATED COMBINATORIAL LABELING 

 

Part of this chapter was published as Tang, W., Li, Y., Gandhi, S. & Bronner, M. E. Multiplex clonal 
analysis in the chick embryo using retrovirally-mediated combinatorial labeling. Dev. Biol. 450, 

(2019). DOI: 10.1016/j.ydbio.2019.03.007 
 

ABSTRACT 

Lineage analysis plays a central role in exploring the developmental potential of stem and 

progenitor cell populations. In higher vertebrates, a variety of techniques have been used to 

label individual cells or cell populations, including interspecies grafting, intracellular 

microinjection, and Cre-mediated recombination.  However, these approaches often suffer 

from difficulties in progenitor cell targeting, low cellular resolution and/or ectopic labeling. 

To circumvent these issues, here we utilize replication incompetent avian (RIA) retroviruses 

to deliver combinations of fluorescent proteins into distinct cellular compartments in chick 

embryos. In particular, RIA-mediated lineage tracing is optimal for long term mapping of 

dispersing cell populations like the neural crest. Using this tool, we confirm that trunk neural 

crest cells are multipotent. Furthermore, our RIA vector is engineered to be fully adaptable 

for other purposes such as cell fate analysis, gene perturbation studies and time-lapse 

imaging. Taken together, we present a novel approach of multiplex lineage analysis that can 

be applied to normal and perturbed development of diverse cell populations in avian 

embryos.   
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2.1 INTRODUCTION 
 
A fundamental challenge in developmental biology is to determine the range of cell types 

that can arise from single embryonic cells.  Whereas the fertilized egg or embryonic stem 

cells are totipotent, other embryonic cell types may be multipotent, bipotent or unipotent. 

Distinguishing between these possibilities requires methods that enable analysis of a cell’s 

developmental history.  In organisms like C. elegans, cell lineage analysis has been elegantly 

done by visually mapping the progeny of each cell division (Sulston, 1983). While this was 

a technical tour de force in a simple organism, it is not feasible in more complex and/or 

opaque organisms. Analysis of cell lineage is particularly challenging in vertebrate embryos.   

In the past decades, various techniques have been developed to follow and analyze cell fates 

that greatly expanded our understanding of both embryogenesis and organogenesis. One 

approach is to directly inject single cells with fluorescent dyes that are large and thus cannot 

pass through gap junctions (Bronner-Fraser & Fraser, 1988).  A second approach involves 

virally-mediated lineage analysis using b-galactosidase (Frank & Sanes, 1991; Sanes, 1989) 

or barcoded libraries (Gerrits et al., 2010). Third, quail-chick chimeric grafts have been a 

well-established tool for understanding the contribution of neural crest in avian embryos 

(Ayer-Le Lievre & Le Douarin, 1982). Finally, transgenic Confetti and Brainbow technology 

in mice and zebrafish, respectively, have been used to express fluorescent proteins at specific 

time points, enabling clonal analysis using high resolution imaging (Cai et al., 2013; Livet et 

al., 2007).  A complication of the latter, however, is that it is difficult to establish clonality 

as it involves sophisticated statistical analysis of rare color combinations (Baggiolini et al., 

2015). Moreover, this technology is not easily applicable to non-genetic organisms and is 
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particularly challenging for cell types that are migratory and thus disperse widely in the 

embryo.   

One example of such a cell type is the neural crest. Neural crest cells originate within the 

closing neural tube but then migrate to diverse locations in the embryo and form diverse cell 

types (Ayer-Le Lievre & Le Douarin, 1982).  Despite the broad range of the neural crest 

derivatives at a population level, there are conflicting views in the literature regarding the 

degree of multipotency of individual neural crest cells.  Single cell lineage analysis using 

microinjection of fluorescent dyes suggested that trunk neural crest cells in avian embryos 

are multipotent at both premigratory (Bronner-Fraser and Fraser, 1988) and migratory 

(Bronner-Fraser and Fraser, 1989) stages.  In the mouse, Sommer and colleagues (Baggiolini 

et al., 2015) found similar results using R26R-Confetti technology.  However, other studies 

have suggested that neural crest cells are restricted in their fate, even before emigration from 

the neural tube (Krispin et al., 2010; Weston & Thiery, 2015).  Thus, further analysis of 

neural crest lineage is warranted, particularly since little is known about their developmental 

potential at axial levels other than the trunk region.  

The chick embryo has been an excellent system for neural crest biology. As amniotes, chick 

embryos develop similar to humans at stages of neural crest migration, but are cost-effective 

compared with mice. Moreover, their ability to develop outside of the mother facilitates not 

only genetic and surgical manipulations but also dynamic imaging (Benazeraf et al., 2010). 

Recently, we have applied RIA-mediated lineage analysis to chick cartilage to understand 

how sister cells rearrange within a constrained region surrounded by extracellular matrix (Li 

et al., 2017).  Here, we expand the repertoire of colors and subcellular localizations of these 

reagents and demonstrate their utility for defining clonal relationship of other cell types, 
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including those that disperse widely in the embryo, like neural crest cells. As proof of 

principle, we confirm the multipotent property of trunk neural crest cells. Thus, our study 

enriches the toolkit for cell lineage analysis in a non-genetic model organism.  

 

2.2 RESULTS AND DISCUSSION 

2.2.1 OPTIMIZATION AND IN VITRO VALIDATION OF REPLICATION-

INCOMPETENT AVIAN (RIA) RETROVIRUSES FOR MULTIPLEX CLONAL 

ANALYSIS  

RIA retrovirus has been employed widely for lineage tracing in chick embryos (Chen et al., 

1999). After stably integrating into host genome, RIA DNA is faithfully and equally 

passaged to daughter cells during cell division. In contrast to replication-competent avian 

(RCAS) virus (Fig. 2-1A), RIA does not synthesize its own envelope (ENV) protein and thus 

cannot horizontally transfer into neighboring cells. As a result, all descendants of an RIA 

infected cell are permanently labeled with a unique common signature, representing an 

isogenic clone. This feature offers several advantages over other approaches for lineage 

analysis: first, it is less invasive compared to quail-chick grafts, marking endogenous host 

cells without the necessity for surgery or combining tissue from different species; second, 

compared with progressively diluting vital dyes, the integrated RIA transgene enables 

indelible marking of host cells and their progeny (Li et al., 2018); finally, compared to 

Confetti mouse and zebrafish labeling, RIA ensures specific targeting of progenitor cells 

through focal injection, avoiding the general challenges faced by the Cre-lox systems that 

are dependent upon the choice of promoters (Lewis et al., 2013).  
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Figure 2-1. Validating RIA-mediated multicolor clonal analysis in cell culture. (A) Construct map of RCAS, 

RIA, and modified RIA with restriction enzyme sites (blue). (B) Transgenes encoding fluorescent proteins 

targeted to specific subcellular regions were cloned into the RIA vector. Note the maps in (A) and (B) are not 

to scale. (C-F) Equal mixture of three viruses (H2B-RFP, Mem-YFP, Mito-CFP) was serially diluted and 

infected into DF1 cells. (G, H) The number of double and triple-infected clones showed an inverse relationship 

to viral titer. (I-L) High magnification imaging on infected cells with 63x objective lens confirmed specific 

subcellular targeting of fluorescent proteins. Scale bars: C-F 100µm, I-L 10µm. 
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Previous studies have used RIA viruses to resolve clonal boundaries in cartilage, tendon, 

perichondrium and retina (Li et al., 2017; Pearse et al., 2007). One common characteristic of 

all these tissues is that they are comprised of coherent clones with regular morphology. To 

extend this analysis to broader types of tissues, we have optimized this approach and 

expanded its application to cells that migrate extensively and actively rearrange. 

To this end, we modified the previous version of the RIA vector (Chen et al., 1999) by adding 

three unique restriction enzyme sites (AscI, SpeI, NotI) in the upstream of the common 

cloning site ClaI. The AscI and SpeI sites were preserved for expanding the application of 

this viral vector for future research, such as, creating fusion proteins and bicistronic systems 

to visualize protein dynamics and perform gene functional study, respectively. For the 

purpose of lineage tracing in wild-type chick embryos in this study, we generated five distinct 

viruses by inserting H2B-YFP, H2B-RFP, Mito-CFP, Membrane-YFP (Mem-YFP), 

Utrophin-Scarlet (Utr-Scarlet) between NotI and ClaI sites (Fig. 2-1B). Clonality assessment 

was based on three criteria: a complex color combination created by multiple (two or more) 

infections of a single progenitor cell; similar signal intensity, based on numbers of copies 

integrated and/or insertion location in the host genome; distinct subcellular localizations of 

fluorescent proteins. Taken together, these improvements in the complexity of viral infection 

enable spatial resolution of individual clones.  

We performed a careful characterization of this novel cell-tagging reagent in vitro before 

applying it to in vivo systems. First, we showed these viruses can label clones in cell culture 

by introducing serial dilutions of an equal mixture of three viruses (H2B-RFP, Mem-YFP, 

Mito-CFP) into DF1 cells. As dilution factor increased (Fig. 2-1C-F), the numbers of double 

and triple-colored cell clusters decreased logarithmically (Fig. 2-1G, H); such a pattern was 
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expected if infection with a viral particle is an independent event (Turner, 1987). Second, 

we performed high magnification imaging to confirm the fidelity of the subcellular 

localization of distinct fluorescent proteins and excluded the possible effects of optical bleed-

through (Fig. 2-1I-L).  

 

Figure 2-2. RIA-mediated multicolor clonal analysis reveals coherent clonal structure in the neural tube (A) 

Three-dimensional (3D) view of a chick neural tube infected with viral mixture. (B) In one selected slice of the 

same tissue in (A), clones (dashed white boxes) appeared to arrange parallelly to the horizontal axis of the tissue. 

(C) In one representative clone (zoom in view), all the cells expressed three fluorescent proteins in distinct 

cellular compartments. (D-F) Quantitative analysis reveals lateral distribution of clones. As an example, a 

double color clone (D) was manually segmented and its Feret’s angle was measured (E); in most cases of the 
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16 clones analyzed, this angle was less than 20 degree (F). (G) Experimental probability of double and triple-

infections are low. (H) Percent error as a result of viral aggregation is about 5.78% for Mem-YFP/Mito-CFP, 

the most frequent occurring double-infected clone. Scale bars: A-D 100µm, E 20µm.  

 

2.2.2 CLONAL RELATIONSHIPS WITHIN THE NEURAL TUBE 

To extend our analysis in vivo, we used our recombinant virus to confirm the spatial 

arrangement of clones in the neural tube. A previous study using time-lapse imaging revealed 

that these cells undergo oriented division, and in turn, form laterally distributed clusters 

(Tawk et al., 2007), providing a simple in vivo system to validate our reagents. As such, we 

injected a mixture containing equal amounts of five distinct RIA viruses into the lumen of 

the neural tube at Hamburger and Hamilton (HH) stage 11 (n=6), and harvested the embryos 

48 hours-post infection for imaging thick slices in transverse orientation (Fig. 2-2A). In a 

single orthogonal slice, we identified six clones according to the criteria established above; 

all the clones appeared to align orthogonal to the elongation axis of the neural tube (Fig. 2-

2B, C, Movie 2-1). We segmented these clones and enclosed them with a polygon using FIJI 

to measure their Feret’s angle, the angle between the maximum diameter of the polygon and 

the lateral axis of the neural tube (see details in Methods) (Fig. 2-2D, E). This endpoint 

analysis revealed an average Feret’s angle of about 10 degrees, consistent with the model of 

lateral clonal expansion suggested by previous longitudinal analyses (Fig. 2-2F) (Tawk et 

al., 2007). Both double and triple infection events were rare, with probabilities p <0.01 (Fig. 

2-2G). To rule out the possibility that clonal assessment could be biased if viral aggregates 

infected adjacent progenitor cells in neural tube, we calculated the error rate of the most 
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frequent doubly infected clone expressing both Mem-YFP and Mito-CFP with the formula 

previously described (Fields-berry et al., 1992):  

 

%𝐸𝑟𝑟𝑜𝑟 =
𝑛𝑜. 𝑜𝑓	𝑑𝑜𝑢𝑏𝑙𝑒	𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑	𝑐𝑙𝑜𝑛𝑒/[2𝑃(𝐶1)𝑃(𝐶2)]

𝑇𝑜𝑡𝑎𝑙	𝑐𝑙𝑜𝑛𝑒	𝑛𝑜.  

 

in which P(C1) is the probability of being infected by Mem-YFP virus and P(C2) is the 

probability of being infected by Mito-CFP virus; both are equal to 1/5 because the same 

amounts of five viruses were applied. In this particular case, 3 clones with this color 

combination were identified out of the total 648 clones, leading to an error rate of 5.78% 

(Fig. 2-2H), corresponding to a high confidence level in defining clonal boundaries of this 

combination as well as all other putative clones (Fields-berry et al., 1992).  

RIA viruses employed in previous research encoded a single histological marker such as b-

galactosidase or alkaline phosphatase, necessitating the need to use highly diluted virus and 

wide dispersion since individually labeled clones must be separated in order to verify 

clonality (Fields-berry et al., 1992). As a result, large number of embryos were required for 

statistical analysis. In contrast, our multicolor toolkit enables combinatorial tagging and 

determination of many individual clones within the same tissue preparation, avoiding 

heterogeneity issues raised from numerous samples and developmental stages.    
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2.2.3 MULTIPLEX ANALYSIS CONFIRMS MULTIPOTENCY OF TRUNK 

NEURAL CREST CELLS 

We next applied this approach to investigate the clonal relationship of cells that migrate 

extensively and disperse widely throughout the embryo. The trunk neural crest is such an 

example as it contributes to several tissues along the dorsoventral axis, including dorsal root 

ganglia (DRG), sympathetic ganglia (SG), and cells along the ventral root (VR) (Bronner-

Fraser and Fraser, 1989). The viral mixture described above was introduced into the entire 

trunk neural tube of chick embryos at Hamburger and Hamilton (HH) stage 11, when trunk 

neural crest cells are about to emigrate. The embryos were allowed to develop until HH21 

(n=10) when neural crest cells complete migration and begin to differentiate at their final 

destinations.  For live imaging using confocal microscopy, we dissected a thick transverse 

section (500µm in thickness) at the forelimb level (Fig. 2-3A, B) (Li et al., 2019). To capture 

all the clones within several embryos, we used the tile function of Zeiss LSM 800 to visualize 

the region from the dorsal neural tube to the dorsal aorta (800µm x 1600µm x 150µm), 

encompassing most territories through which trunk neural crest cells migrate.  

Within individual slices, we observed clonally related cells residing in distinct sites, 

including the dorsal neural tube (dNT), DRG, SG, and VR (Fig. 2-3C, DE, double infected 

clone; FG, triple infected clone). The results suggest that DRG and SG are more clonally 

associated with each other than with cells along the VR (Fig. 2-4B). This may be due to the 

fact that the VR is a smaller tissue, so that cells have less chance to condense within it.  

Alternatively, cells along the VR may be more developmentally restricted at the time of 

condensation, or derived from a limited number of progenitor cells.  
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Figure 2-3. RIA-mediated multicolor clonal analysis confirms multipotency of trunk neural crest cells. (A) 

Schematic diagram of experimental procedure. A transverse slice at forelimb level was cut, embedded in 1% 

agarose for live imaging. (B) Schematic of trunk neural crest derivatives (NT, neural tube; Not, notochord; DA, 

dorsal aorta; dNT, dorsal neural tube; DRG, dorsal root ganglia; SG, sympathetic ganglia; VR, ventral root; 

neural crest-derived structures in light blue). (C) A representative transverse view of an infected chick embryo. 

Regions inside white dashed boxes indicate neural crest-derivatives. (D, E) A double-labeled clone in DRG and 

SG (Utr-Scarlet, red; Mem-YFP, green) in the same tissue slice. (F, G) A triple-labeled clone in DRG and SG 

(H2B-RFP, red; H2B-YFP, green; Mito-CFP, blue) in the same tissue slice. Scale bars: C 200µm; D-G100µm. 

 

2.2.4 PROBABILITY CALCULATION CONFIRMS THE RELIABILITY OF 

COINFECTION-BASED CLONAL RELATIONSHIP 

Given that many cells with identical color/subcellular localization combinations dispersed 

across a single embryonic slice at the trunk level (Fig. 2-4A), we sought to quantitatively 

verify their clonality. We have demonstrated that in both cell culture and in neural tube (Fig. 

2-1, 2-2), infection with multiple viruses is a rare process; the lower the probability of co-

infection, the greater the likelihood that cells bearing the same combined color combination 
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are derived from the same precursor. Since migrating neural crest cells are heterogeneous 

with respect to cell cycle progression and anatomic location, it is challenging to accurately 

estimate the number of cells infected at time 0. Therefore, we determined the coinfection 

efficiency by calculating the upper bound of the probability of multiple infection, 

independent of the initial number of infected progenitor cells. When a given titer of virus is 

allowed to infect a cell population, each viral particle entering an individual cell can be 

defined as an independent event. To this end, we estimated the probability of an individual 

cell being infected with a given number of viruses using a Poisson distribution, which 

describes discrete events that occur in a fixed time interval and/or space (Figliozzi et al., 

2016):  

 𝑃{𝑛} = !!""#

#!
  

where P{n} is the probability of infection by n viral particles; m is the multiplicity of 

infection (MOI), the average number of viral particles per cell. We first measured the titer of 

the virus to determine the MOI. In a typical experiment, about 0.5µl of viral mixture with a 

titer of 1 x 107 pfu/ml per embryo was injected into the trunk segment, suggesting that ~5,000 

particles were injected. Next, we estimated the total number of cells in a segment of the 

neural tube using DAPI. Among these cells, only a portion are premigratory neural crest 

cells. This is highlighted by expression of the molecular marker Pax7, which marks the 

premigratory domain (Fig. 2-4D), though not all Pax7 expressing cells depart from the neural 

tube. The number of particles that “premigratory” neural crest cells absorb then can be 

deduced by the total particle number multiplied by the ratio of neural crest to neural tube 

(approximately 1:5). Taking all these factors into account, the MOI is approximately 0.2 
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(calculated from an average of 5000 premigratory neural crest cells and 25,000 neural tube 

cells at the trunk region of interest). The probability of a premigratory neural crest cell in the 

Pax7 domain being infected with one virus (P{1}) is 0.16, with two viruses (P{2}) is 0.016, 

with three viruses (P{3}) is 0.001 (Fig. 2-4C, D). Using the way in which clonality was 

determined in Confetti mouse as a reference (Bagglioni et al., 2015), double and triple 

infections in our case were rare events. Statistical evaluation under experimental conditions 

further shows that this probability is close to the theoretical value, despite some variations 

between P{1} and P{2} for different viruses or color combinations. This disparity is possibly 

due to slight differences in virus titer, or intrinsic variation between the fluorescent protein 

that affects infection efficiency or expression level, and is also seen in the Confetti mouse 

(Fig. 2-4E). On this basis, we conclude that cells bearing two to three distinct viral 

integrations are derived from a single progenitor. Cells bearing similar multiple color 

combinations can be used as an optical readout of a clone.  
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Figure 2-4. Probability calculation of viral co-infection efficiency confirms that double/triple infected clones 

are rare. (A) An example of clones identified in one embryo. 6/6 of the clones were found in more than one 

neural crest-derived regions, suggesting multipotency of the progenitor cells. (B) An overview of all the clones 

identified in multiple embryos (n=4). 13/20 clones were multipotent. Shade of grey represents the number of 

places where cells of a particular clone were observed, indicating degree of multipotency. (C) Multiple infection 

can be portrayed as a Poisson distribution, where the probability of single infection is 0.16, double infection is 

0.016, and triple infection is 0.001. (D) Pax7 (Magenta) and DAPI (blue) staining were used to estimate the 

efficiency of viral infection in (C). (E) Experimentally obtained coinfection index agrees with the theoretical 

values, demonstrating that double and triple infections are low probability events. Scale bar: 100µm. 

 

Given the fact that RIA viral DNA only integrates into the host genome during metaphase, 

non-uniform distribution of cell-cycle stages of the infected cells will influence the timing of 
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transgene expression. For cells in metaphase, broken nuclear membrane allows viral 

integration into the host chromosome; for cells in G1 phase, the viral DNA will stay in the 

cytoplasm until metaphase; if there are post-mitotic cells in the dorsal neural tube, the viral 

genes will not express. These factors influence the timing of transgene expression and the 

estimation of initial viral infection, but also present an opportunity to enhance clonal 

complexity, as this mosaic context will result in different signal intensity based on the timing 

of viral DNA integration.  

Our result revealing trunk neural crest multipotency is remarkably similar to previous 

findings based on vital dye injection into individual dorsal neural tube cells in chick 

(Bronner-Fraser and Fraser, 1989) as well as Wnt1-CreERT and Sox10-CreERT driven 

R26R-Confetti mouse (Bagglioni et al., 2015). Whereas dye labeling experiments require 

single cell injection which is technically challenging and the signal becomes diluted with cell 

division, viral infection is simple and the fluorescent proteins are stably expressed. 

Importantly, we can identify multiple clones in a single embryo, as each clone displays a 

unique color combination resulting from co-infection of two to three viruses (Fig. 2-3D-G). 

Compared with Confetti system in mice, our approach is significantly more cost-effective 

and applicable to the chick, the most widely used animal model for neural crest research. 

Thus, our newly developed RIA-mediated method is an effective albeit much simpler 

alternative for clonal analysis on dispersed cell populations. 
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2.2.5 COMBINED CLONAL AND CELL FATE ANALYSIS BEYOND THE TRUNK 

NEURAL CREST  

The ultimate goal of lineage analysis is to explore the developmental potential of individual 

progenitor cells in order to determine their degree of multipotency or lineage restriction.  For 

instance, if neural crest cells acquire their identities early during migration, clonally related 

cells may express uniform cell fate; alternatively, if cells remain multipotent, and do not 

commit to a cell fate until they reach the final destination, cells within a clone may disperse 

and form heterogeneous derivatives. Gaining insights into the latter case requires the ability 

to examine diverse cell morphologies, localizations, and identities within the same clone. To 

achieve this goal, lineage tracing needs to be coupled with cell fate analysis.  

To test the possibility of combining lineage analysis with cell fate markers, we injected a 

mixture of viruses in the neural tube adjacent to somites 1-3. Neural crest cells that emerge 

from this axial level migrate into branchial arches 4 and 6 (Kirby et al., 1983). Embryos were 

allowed to develop until HH21 and processed for sectioning and immunohistochemistry. 

Using immunofluorescence, we found that cells labelled with native fluorescent proteins 

acquired distinct cell fates differentiating into neurons (HuC/D, Fig. 2-5A, A’), including 

primary sensory or motor neuron (E1.9, Fig. 2-5B, B’), as well as smooth muscle (SMA, Fig. 

2-5C, C’). Taken together, our results show that RIA-mediated lineage analysis is compatible 

with post-processing such as paraformaldehyde fixation, cryo-sectioning and antibody 

staining, while the endogenous fluorescence signal is well-preserved. 
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Figure 2-5. RIA-mediated clonal analysis can be combined with cell fate studies. A representative transverse 

section of the virally infected hindbrain was processed for antibody staining. Fluorescently labeled progenies in 

cranial nerve-IX (CN) and pharyngeal arch arteries (PAA) were indicated with dashed boxes in (A) (DAPI, 

Cyan). In cranial nerve-IX, neural crest derived cells expressed a neuronal (HuC/D, Magenta) (A, A’) or 

sensory/motor neuron marker (E1.9, Magenta) (B, B’); some of their siblings can migrate more ventrally into 

the pharyngeal arch arteries (PAA) and differentiated into smooth muscle (SMA, Magenta) (C, C’).  Scale bars: 

100µm. 

 

2.3 CONCLUSION 

 In summary, by modifying RIA viruses to enable simultaneous expression of different 

fluorophores, we present a useful means to orthogonally detect multiple clones in single 
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avian embryos.  We demonstrate the utility of this approach in cell culture, the neural tube 

and neural crest.  Our results on migrating neural crest cells confirm the multipotency of this 

cell population that has been demonstrated previously by other complementary techniques 

(Bronner-Fraser and Fraser, 1988; Bagglioni et al., 2015). Moreover, our RIA virus 

constructs are designed to enable co-expression of fluorophores and proteins that function 

either normally or as mutants (Gandhi et al., 2017; Li et al., 2017) for the purpose of gene 

perturbation experiments or time-lapse imaging (Li et al., 2015) at clonal level.  This 

approach simplifies clonal analysis in avian embryos and broadens the range of cell types to 

which cell lineage analysis can be applied.   

 

2.4 MATERIALS AND METHODS 

Molecular cloning and virus preparation 

The original RIA vector (Chen et al., 1999) was modified by inserting AscI, SpeI, NotI 

upstream of existing ClaI digestion site. H2B-YFP (#96893), H2B-RFP (#92398), Mito-CFP 

(#36208), Membrane-YFP (#56558) and Utrophin-Scarlet (#26739) were obtained from 

Addgene, and were subsequently subcloned into the modified RIA vector. ENV-A plasmid 

encoding the Envelope A protein was a gift from Dr. Connie Cepko and colleagues (Chen et 

al., 1999). ENV-A plasmid was co-transfected with recombinant RIA plasmids into chick 

DF1 cells to pseudotype RIA virus (ATCC, Manassas, VA; #CRL-12203, Lot number 

62712171, Certificate of Analysis with negative mycoplasma testing available at ATCC 

website) in 15 cm culture dishes using standard transfection protocols. 24 hours post-

transfection, the cell culture medium was harvested twice per day for four days, and 
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concentrated at 26,000 rpm for 1.5 hr. The pellet was dissolved in 20-30 µl of DMEM to 

achieve the titer of 1 x 107 pfu/ml. The viral aliquots were stored in -80°C until injection.  

 

Virus titering and clonal analysis in DF1 cells 

Concentrated virus was serially diluted at 1:104, 1:105, 1:106, and 1:107, respectively, in 

200µl of DMEM. The diluted viral solution was added to chick DF1 cells in 24-well-plates. 

Cells were incubated at 38°C for two hours to permit viral infection. Another 800 µl DMEM 

was subsequently added and infected cells were incubated for 72 hours to allow for the 

expression of fluorescent proteins, which was used as a readout for functional recombinant 

virus. The number of cell clusters was quantified under an epifluorescence microscope. 

Typically, within a well of cells infected with the virus at 1:107 dilution, one positive cluster 

was observed, meaning the viral titer is around 1 x 107 pfu/ml. For clonal analysis in DF1 

cells, a mixture of H2B-RFP, Mem-YFP and Mito-CFP viruses was serially diluted and 

infected DF1 cells as above. The number of cell clusters (clones) with distinct color(s) in a 

given field of view (n=3) was quantified using image software FIJI. 

 

Viral injection and chick embryology 

Equal amounts of RIA viruses encoding H2B-YFP, H2B-RFP, Mito-CFP, Membrane-YFP 

and Utrophin-Scarlet were mixed. A working solution was made at 1:2 dilution of the viral 

mixture with Ringer’s solution (0.9% NaCl, 0.042%KCl, 0.016%CaCl2 • 2H2O wt/vol, 

pH7.0), and supplemented with 0.3µl of 2% food dye (Spectral Colors, Food Blue 002, 

C.A.S# 3844-45-9) as an indicator.  About 1µl of working solution was injected into the 
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lumen of the neural tube posterior to somite 3 in HH11 chicken embryos. The embryos 

were sealed with surgical tape, incubated at 37°C for 2 days.  Embryos were harvested at 

HH21 (n=16), dissected and a 500 µm thick transverse slice at forelimb region was cut for 

imaging analysis (detailed procedure in Li et al., 2019). For immunohistochemistry, embryos 

were fixed in 4% PFA in PBS for 30 mins at 4°C, embedded in Tissue-Tek O.C.T compound 

(Sakura #4583) and sectioned (Microm HM550 cryostat).  

 

Immunohistochemistry and imaging analysis 

Frozen tissue sections were incubated in 1xPBS at room temperature to remove O.C.T, 

permeabilized with 0.3% vol/vol Triton-X100 in 1xPBS. Primary and secondary antibodies 

were diluted in blocking buffer (1xPBS with: 5% vol/vol normal donkey serum, 0.3% vol/vol 

Triton-X100). Sections were stained with primary antibody at 4°C overnight (primary 

antibody dilutions: 1:500 Mouse anti-smooth muscle actin, Sigma-Cat# F1840-200uG; 

1:500 Mouse antiHuC/D IgG2b, Invitrogen-Cat#A21271; 1:10 E1.9 primary sensory and 

motor neuron marker, DSHB). The next day, sections were washed with 1xPBS, and treated 

with secondary antibody for 1 hour at room temperature. The following secondary antibodies 

were used: 1:1000 donkey anti-mouse IgG 647, 1:1000 goat anti-mouse IgM 647, 1:1000 

goat anti mouse IgG2b 647, Molecular Probes. Sections were imaged using a Zeiss 

AxioImager.M2 with Apotome.2 and Zeiss LSM 800 confocal microscope. The number of 

infected cells displaying single color was quantified with thresholding followed by 

automated particle analysis using FIJI software. The number of doubly and triply infected 

cells was counted manually. For Feret’s angle analysis of clonal orientation, a cell cluster 
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with identical double-or triple- color was identified. Subsequently, a polygon was drawn 

along the boundary of the clone and the angle of the polygon was automatically measured 

by FIJI.  
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C h a p t e r  I I I  

CARDIAC NEURAL CREST CONTRIBUTES TO CARDIOMYOCYTES 
IN AMNIOTES 

Part of this chapter was published as Tang, W.*, Martik, M. L.*, Li, Y. & Bronner, M. E. Cardiac neural 
crest contributes to cardiomyocytes in amniotes and heart regeneration in zebrafish. Elife 8, (2019). 

DOI: 10.7554/eLife.47929 

ABSTRACT 

Cardiac neural crest cells contribute to important portions of the cardiovascular system 

including the aorticopulmonary septum and cardiac ganglion. Using replication incompetent 

avian retroviruses for precise high-resolution lineage analysis, we uncover a previously 

undescribed neural crest contribution to cardiomyocytes of the ventricles in Gallus gallus, 

supported by Wnt1-Cre lineage analysis in Mus musculus. The results suggest that neural 

crest cells contribute to many cardiovascular structures including cardiomyocytes across 

vertebrates.  

3.1 INTRODUCTION 

The neural crest is an important stem cell population characterized by its multipotency, 

migratory behavior, and broad ability to differentiate into derivatives as diverse as elements 

of the cardiovascular system, craniofacial skeleton, and peripheral nervous system. However, 

not all neural crest cells are alike, with distinct populations existing along the body axis. One 

of the most unique neural crest populations is the “cardiac neural crest” that contributes to 

the outflow septum and smooth muscle of the outflow tract of the heart. Ablation studies in 

chick embryos show that removal of the cardiac crest results in a broad range of defects, 
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including persistent truncus arteriosus, abnormal myocardium function, and misalignment 

of the arch arteries1,2,3. These defects are highly reminiscent of some of the most common 

human congenital heart defects. Importantly, other neural crest populations cannot rescue the 

effects of cardiac neural crest ablation, even when grafted in its place, exemplifying the 

uniqueness of this population4.  

Classically, quail-chick transplantation experiments have been used to uncover contributions 

of the cardiac neural crest to the heart, with some more recent attempts using antibody 

staining of migratory neural crest cells or LacZ retroviral lineage analysis as well as 

transgenic lines such as Wnt1-Cre driven b-galactosidase in mammals1,5-7.  The results 

suggest that the cardiac neural crest contributes to smooth muscle cells lining the great 

arteries, outflow tract septum and valves, mesenchyme that remodels pharyngeal arch 

arteries, and parasympathetic innervation of the heart, such as the cardiac ganglion.  

However, inconsistencies remain between different lineage approaches, most of which suffer 

from high background and low cellular resolution. 

To reconcile these differences, here, we use a multi-organismal approach to examine the 

lineage contributions of cardiac neural crest to the heart. Using a novel retroviral labeling 

approach in chick and confirmed by Wnt1-Cre reporter lines in mouse, we reveal a previously 

undetected contribution of the amniote cardiac neural crest to the trabecular myocardium of 

the ventricles, a derivative previously thought to be confined to non-amniotic vertebrates8-10. 

Taken together, these results demonstrate an evolutionarily conserved contribution of neural 

crest cells to cardiomyocytes across vertebrates.  
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3.2 RESULTS AND DISCUSSION 

3.2.1 LABELING THE CHICK CARDIAC NEURAL CREST USING REPLICATION 

INCOMPETENT AVIAN RETROVIRUS 

To specifically label cardiac neural crest cells prior to their emigration from the neural tube 

and identify novel progeny of chick cardiac crest, we use a replication-incompetent avian 

retrovirus (RIA) that indelibly and precisely marks neural crest progenitors for long term 

lineage analysis at single cell resolution and without the need for tissue grafting.  To this end, 

the post-otic neural tube of the hindbrain adjacent to somites 1-3 was injected at Hamburger 

and Hamilton (HH) stage 9-10 with high-titer (1x107 ifu/mL) RIA (Fig3-1A), which drives 

expression of nuclear localized H2B-YFP under control of a constitutive RSV promoter 11-

15. At this stage in the development, premigratory cardiac neural crest cells are positioned 

within the dorsal neural tube and about to emigrate. Accordingly, this labeling approach 

solely marks hindbrain neural tube cells including premigratory cardiac neural crest cells that 

subsequently delaminate from the dorsal neural tube during a two-hour time window when 

the virus remains active.  
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Figure 3-1. Retrovirally mediated fate mapping of cardiac neural crest reveals novel derivatives. (A) Schematic 

diagram of the approach: Replication Incompetent Avian (RIA) retrovirus encoding nuclear H2B-YFP was 

injected into the lumen of the hindbrain from which cardiac neural crest arises. (B) One day post-infection 

(HH14), whole mount image (lateral view) showing virally labelled progeny (green) in the cardiac migration 

stream en route to pharyngeal arch 3. (B’) Brightfield image to show anatomical information. A, anterior; P, 

posterior; D, dorsal; V, ventral. (C) Two days post-infection (HH18), virally labelled cardiac crest has populated 
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pharyngeal arches 3, 4 and 6, highlighted with dashed line. (D) Transverse section showing that labelled 

cardiac crest expresses neural crest marker HNK-1 (red). D, dorsal; V, ventral; L, left; R, right. (E) Low 

magnification transverse section of an E6 embryo (DAPI, blue). Dashed boxes show relative positions of cardiac 

crest-derived populations. (F-H) High magnification image of selected regions in E: pharyngeal arch arteries 

(F); aorticopulmonary septum (G); Neural crest derivatives located in the outflow tract express Troponin T 

(magenta), a myocardium marker (H, H’). (I) Temporal map of the establishment of distinct cardiac neural crest 

derivatives. Labelled cells initially are in the migration stream, cranial nerve IX (CN-IX) and mesenchyme 

around pharyngeal arch arteries (PAA). Subsequently, they populate the aorticopulmonary septum (APS), 

myocardium (MYO) and interventricular septum (IVS). Separate channels are displayed in supplementary 

figure 3-1. Light blue indicates known neural crest derivatives.  Dark blue reflects newly discovered neural crest 

derivatives. Scale bars: B, C, E 400μm; D, F, G, H 100μm. 

Virally infected embryos were then allowed to develop for 1-9 days post injection, cryo-

sectioned, and analyzed using confocal microscopy. One day after injection, whole mount 

imaging revealed RIA-labeled cells migrating in a stream along pharyngeal arch 3 (Fig 3-

1B,B’), that subsequently accumulated in pharyngeal arches 3, 4, and 6 two days after 

infection (Fig 3-1C). Next, we confirmed that all labeled cells in the periphery co-localized 

with the migratory neural crest marker, HNK-1, demonstrating that the neural crest is the 

only population labeled with H2B-YFP outside the neural tube, thus verifying specificity of 

infection (Fig 3-1D, Supplementary figuer3-1 A). With time, labeled cardiac crest cells were 

observed in numerous and diverse derivatives, populating the cardiovascular system in a 

proximal to distal progression (Fig 3-1E-I). Consistent with quail-chick chimera, we 

observed RIA-labeled cells adjacent to and within the walls of pharyngeal arch arteries, in 

the aorticopulmonary septum, outflow tract, and cardiac cushion.  Moreover, we definitively 

observed YFP-labeled cells in the superior interventricular septum, a site for which the neural 
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crest contribution has been controversial, although ventricular septal defects are common 

after cardiac neural crest ablation16. The cells of the outflow tract septum and pharyngeal 

arch arteries differentiated into smooth muscle actin (SMA) positive cells on embryonic day 

(E) 5 (Fig 3-2A,B).   

 

Supplementary figure 3-1: Separate channels for retroviral lineage analysis and immunohistochemistry. (A) 

Separate channels of Figure 1D. All H2B-YFP labelled cells that migrate out of the neural tube are HNK1-

positive cardiac neural crest cells (H2B-YFP, green; HNK1, red; DAPI, blue). (B) Separate channels of Figure 

3-1H. H2B-YFP labelled cardiac neural crest is present in myocardium of the outflow tract (H2B-YFP, green; 

Troponin T, magenta; DAPI, blue). 

Importantly, by E3 and onward, virally labeled neural crest cells were observed in the 

myocardium of both the outflow tract and the ventricles, where they expressed the 

myocardial markers, Troponin T and Myosin Heavy Chain (Fig 3-1H, Supplementary 

figuer3-1 B, outflow tract; Fig 3-2 C,D, Supplementary figure 3-2 A,B, ventricles). These 

neural crest-derived cardiomyocytes were not actively undergoing cell division or 

programmed cell death (Fig 3-2E,F), consistent with the stable presence of cells observed 

over time (Fig 3-1I). Supplementary file 3-1a and 1b present quantification of contributions 

of virally labeled cells in the chick ventricular myocardium. While previous lineage tracing 
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experiments in zebrafish showed that a stream of neural crest cells integrate into the 

myocardium of the primitive heart tube to give rise to cardiomyocytes, our results present 

the first evidence of a homologous neural crest contribution to cardiomyocytes in chick 

embryos 8-10.  

 

Figure 3-2. Cardiac crest-derived cells differentiate into smooth muscle and cardiomyocytes in avian embryos. 

(A, B) Retrovirally labelled cardiac crest cells (H2B-YFP, green) that migrate into the outflow tract (A, OFT) 

and pharyngeal arch arteries (B) express smooth muscle actin (SMA, magenta) marker. (C, D) Labeled cardiac 

crest cells that enter the ventricle express myocardial marker Troponin T (magenta) (C), and myocardial 

terminal differentiation marker Myosin Heavy Chain (MHC, magenta) (D) enclosed in dashed line. (E, F) 

Neural crest-derived cardiomyocytes are not actively dividing or undergoing apoptosis, as demonstrated by 
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phosphohistone H3 staining (PH3, magenta) (E) and Caspase 3 staining (magenta) (F). Transverse view of 

HH28 embryos. Separate channels are displayed in supplementary figure 3-2. Scale bars: 100μm. 

 

Supplementary figure 3-2: Separate channels for retroviral lineage analysis and immunohistochemistry.  (A) 

Separate channels of Figure 2C. H2B-YFP virus labelled cardiac neural crest is present in myocardium of the 

ventricle and expresses cardiomyocyte marker Troponin T (H2B-YFP, green; Troponin T, magenta; DAPI, 

blue; enclosed in dashed line). (B) Separate channels of Figure 2D. H2B-YFP virus labelled cardiac neural crest 

is present in myocardium of the ventricle and expresses cardiomyocyte terminal differentiation marker myosin 

heavy chain (MHC) (H2B-YFP, green; MHC, magenta; DAPI, blue; enclosed in dashed line). 
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Supplementary File 3-1 a, b: Quantification of cardiac neural crest contribution to the heart in chick and mouse. 

Table presents virally labelled cardiac neural crest derivatives at MNC (migratory neural crest), CN-IX (cranial 

nerve nine), PAA (pharyngeal arch arteries), APS (aorticopulmonary septum), MYO (myocardium of ventricle) 

and IVS (interventricular septum) at day 1-6 and day 10 post injection in chick. The bottom part presents number 

of Wnt1+ cells in E15.5 Wnt1-Cre mouse. Percentage in parentheses represents the proportion of the population 

among all NC-derived cells in cardiovascular structure (including MYO, APS, and IVS). % Neural crest 

contribution to ventricle, the proportion of Wnt1+ cells (including MYO and IVS) among all cells in the 

ventricle is about 16.8%.  Supplementary File 3-1b shows the raw data of each embryo from which data in 

Supplementary File 3-1a was generated. 
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3.2.2 LINEAGE ANALYSIS IN THE MOUSE EMBRYO  

To test whether the contribution of cardiac neural crest cells to the myocardium was 

conserved in mammals, we examined Wnt1-Cre;ZsGreenfl/fl transgenic mice in which 

neural crest cells were labeled with cytoplasmic GFP17.  Embryos were fixed at E15.5 

(similar to E7 in chick).  Analogous to the results in chick embryos, we observed a large 

number of ZsGreen-positive myocardial cells in the outflow tract and ventricles, as 

confirmed by Troponin T expression (Fig 3-3A-C). To avoid ectopic expression that has 

been associated with the Wnt1-Cre;ZsGreenfl/fl transgenic line due to endogenous Wnt1 

activation caused by in-frame ATG located upstream of Wnt1 start codon, we tested an 

improved Wnt1 line (Wnt1-Cre2+; R26mTmG mouse line) without ectopic activation of 

canonical Wnt/b-catenin pathway18. The results were similar to those observed with the 

Wnt1-Cre;ZsGreenfl/fl transgenic mice (Fig 3-3D,E). As in the chick embryos, murine neural 

crest derived cells were present in the outflow tract, interventricular septum, and myocardium 

of both ventricles.  
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Figure 3-3. Wnt1-Cre fate mapping in mice confirms the presence of cardiac crest-derived myocardium.  (A) 

Low magnification image to show the relative anatomical positions of a mouse heart at E15.5 (sagittal view, 

DAPI-blue). (B, C) In Wnt1-Cre; ZsGreenfl/fl mice, neural crest-derived cells (green, Wnt1-Cre driven ZsGreen 

expression is abbreviated as Wnt1-ZsGreen, enclosed in dashed line) were observed in myocardium (Troponin 

T, grey) of the outflow tract (B), and ventricle (VENT) (C, C’’: separate channels of inset C’). (D, E) Similar 

results were obtained from Wnt1-Cre2+; R26mTmG mice (Wnt1-Cre2+ driven replacement of membrane 

localized tdTomato (mT) by EGFP (mG) (abbreviated as Wnt1-mtmg), where cardiac crest-derived cells (green, 

enclosed in dashed line) were present in myocardium of the outflow tract (D) and ventricle (Troponin T, grey) 

(E, E’’: separate channels of inset E’). Transverse view. Scale bars: A 400μm; B-E 100μm; C’, E’ 10μm. 

The numbers of neural crest-derived cells appear to decrease with distance along the 

proximal-to-distal axis (Fig 3-4A), such that no neural crest-derived cardiomyocytes were 

observed in the apex of the heart (Fig3-4 D,E).   As in the chick, the numbers of Wnt1+ cells 

remain stable with time, and the cells do not appear to undergo active cell division or 

apoptosis (Fig3-4 B,B’,C,C’). This contribution persists postnatally, as Wnt1+ cells are 
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present at postnatal day 2 (Fig3-4 F-H). These results are consistent with previous studies 

using less specific P0-Cre lines and demonstrate that comparable cardiac crest contributions 

occur in birds and mammals19-20.  Quantification of numbers of neural crest lineage labeled 

cells in the trabeculated myocardium of mice reveals that they represent approximately 17% 

of the population in the proximal half of the ventricle (Supplementary file 3-1a). 

 

Figure 3-4. Spatial-temporal distribution of neural crest-derived cardiomyocytes in Wnt1-Cre mouse. (A) In 

E15.5 Wnt1-Cre; Zsgreenfl/fl mouse heart, cardiac neural crest progenies were distributed in the outflow tract, 

valves and myocardium of both ventricles. Density of Zsgreen+ cells decreased along the proximal-to-distal 

axis, thus no cell contributed to the apex (Wnt1-Zsgreen, green; Troponin T, red; DAPI, blue). (B) Proliferation 

marker PH3 did not selectively colocalize with Zsgreen+ cells (PH3, magenta; B’, separate channels for 

colocalization). (C) Apoptosis marker Caspase3 was not selectively expressed in Zsgreen+ cells (Caspase 3, 
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magenta; C’, separate channels for colocalization). (D) Cardiac neural crest did not contribute to apical 

myocardium in Wnt1-Cre; Zsgreenfl/fl mouse (Wnt1-Zsgreen, green; Troponin T, red; DAPI, blue), or (E) 

Wnt1-Cre; R26mtmg mouse (Wnt1-membrane GFP, green; membrane Tomato, red; DAPI, blue). (F-H) On 

postnatal day 2, cardiac neural crest progenies in Wnt1-ZsGreen mouse persisted in the myocardium of the 

ventricle (F)  (separate channels in F’), outflow tract (G), but not the apex (H) (Wnt1-Zsgreen, green; Troponin 

T, red; DAPI, blue), similar to what was observed in E15.5 hearts. Scale bars: A 400μm; B, C, F, G 100μm; D, 

E, H 160μm. 

3.2.3 DISCUSSION 

Our cell lineage labeling results provide direct evidence for a neural crest contribution to the 

myocardium of the amniote heart. Why was the contribution of neural crest cells to 

cardiomyocytes in amniotes previously missed? Interspecific quail-chick chimera are 

generated via transplantation of donor tissue into the host, which requires time to heal1.  If 

the neural crest cells that migrate to the ventricles are the earliest migrating cells, this 

population may have been delayed after grafting due to wound healing and hence unable to 

migrate as far.  Alternatively, the labeled cells may have been missed since it can be 

challenging to identify a small population of dispersed quail cells amongst many more 

numerous chick cells.  Furthermore, cell behavior might be altered when transplanted quail 

cells are introduced into a chick environment. Our retroviral lineage labeling circumvents 

these issues by indelibly labeling an endogenous neural crest population without the need for 

grafting. Moreover, the labeled cells are easily detectable due to their fluorescent readout.  

For lineage labeling in mice, there were hints in the literature regarding a possible neural 

crest contribution to cardiomyocytes.  However, the experiments were either indirect or used 

lineage tracing techniques that were not specific to the neural crest.  For example, Tomita et 
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al. showed that cells isolated from “cardiospheres” can behave like neural crest cells when 

injected into chick embryos20. In addition, lineage analysis in mouse using a P0-Cre line 

revealed EGFP-positive cells in the myocardium that gather at the ischemic border upon 

injury20. However, P0 is not a neural crest specific marker, making these results inconclusive 

at the time.  In contrast, Wnt1 is the “gold standard” for neural crest labeling and the improved 

Wnt1 line (Wnt1-Cre2+; R26mTmG) corrects possible ectopic expression problematic in the 

original Wnt1-Cre;ZsGreen line7,17,18. 

In chick and mouse, neural crest-derived cells comprise a significant portion (~17%) of the 

trabeculated myocardium in the proximal part of both ventricles. Interestingly, this 

percentage is similar to what has been reported in zebrafish10,21. In amniotes, we find that the 

density of the cells decreases along the proximal-distal axis and appears to be stable through 

time (Fig3-1I, Supplemental file 1-1a,b).  

3.3 CONCLUSION  

 In summary, the present results show, for the first time, the common ability of cardiac neural 

crest cells across diverse vertebrates to contribute to heart muscle. Moreover, according to 

the published paper where this chapter was adapted from, these cells appear to be critical for 

cardiac regeneration in zebrafish. If the results extrapolate to other species, the mechanisms 

that control the normal development of the neural crest into cardiomyocytes may be 

harnessed to stimulate these cells to proliferate and regenerate new cardiomyocytes, thus 

offering potential therapeutic approaches to repair heart damage in mammals including 

humans. 
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3.4 MATERIALS AND METHODS 

Cell culture and retrovirus preparation 

Using a standard transfection protocol, chick DF1 cells (ATCC, Manassas, VA; #CRL-

12203, Lot number 62712171, RRID:CVCL_0570, Certificate of Analysis with negative 

mycoplasma testing at the ATCC website) were transfected with RIA-H2B-YFP plasmid 

(RRID:Addgene_96893) and ENV-A plasmid in 15 cm culture dishes. Cell culture medium 

was collected 24 hours post-transfection, and twice per day for four days, then centrifuged at 

26,000 rpm for 1.5 hr. The supernatant was dried with aspiration, and the pellet was dissolved 

in 20-30 µl of DMEM to a final titer of 1 x 107 ifu/mL. Viral aliquots were stored in -80°C 

until the time of injection.  

Chick embryo processing and viral injection  

Viral stock was diluted 1:2 with Ringer’s solution (0.9% NaCl, 0.042%KCl, 0.016%CaCl2 • 

2H2O wt/vol, pH7.0) to generate the working solution, which was mixed with 0.3µl of 2% 

food dye (Spectral Colors, Food Blue 002, C.A.S# 3844-45-9) as indicator.  The lumen of 

the neural tube adjacent to the middle of the otic vesicle to the level of somite 3 was injected 

with 0.2µl of working in HH8-10 chicken embryos. Embryos were sealed with surgical tap 

and incubated at 37°C for 1-10 days, harvested at HH14 (n=5), HH18 (n=5), HH21 (n=4), 

HH25 (n=4), HH28 (n=4), HH32 (n=4) and E10 (n=4). At the time of harvesting, chick 

embryos were dissected, fixed in 4%PFA in PBS for 30 mins at 4°C, then embedded in 

gelatin and sectioned (Microm HM550 cryostat).  
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Wnt1-Cre mouse and tissue preparation 

The Wnt1-Cre; ZsGreenfl/fl mice described in Chai et al., 2000 (gift from Drs. Xia Han and 

Yang Chai at University of Southern California, Center for Craniofacial Molecular Biology) 

were harvested and fixed at E15.5 (n=8) and P2 (n=2). The hearts were dissected, fixed in 

4%PFA in PBS for 30mins at 4°C. E15.5 Wnt1-Cre2+; R26mTmG mice (Lewis et al.,2013) 

(129S4-Tg(Wnt1-cre)1Sor/J, gift from Dr. Jeffrey Bush at University of California, San 

Francisco, n=3) were fixed with 4% PFA overnight before dissection. The hearts were 

embedded in gelatin, and sectioned.  

Quantification of neural crest contributions to the ventricular myocardium 

To quantify RIA-labeled cells in chick embryos, three consecutive sections of the same axial 

level were imaged per embryo. The number of YFP-positive cells was averaged to account 

for variability due to sampling. n=4-6 embryos were analyzed at each stage as biological 

replicates. The results are presented as presence or absence of virally labelled cardiac neural 

crest derivatives at different anatomical locations in Fig. 3-1I and supplementary file 3-1a, 

1b. To quantify Wnt1-Zsgreen+ cells in E15.5 mouse heart, three consecutive sections of the 

same axial level were imaged per embryo (n=4). Automated particle analysis was conducted 

with FIJI program to estimate the total number of Zsgreen+ cells in the image. For the 

percentage of neural crest-derived cells in the ventricle, the same procedure was performed 

with the DAPI channel which represents total cell population. % Zsgreen/DAPI was 

calculated, and averaged to the result presented in the text of supplementary file 3-1a.  
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Immunohistochemistry and image analysis 

After cryosectioning, slides were incubated in 1xPBS at 42°C to remove gelatin. 0.3% 

vol/vol Triton-X100in 1xPBS was used to permeabilize the tissue. Sections were incubated 

with primary antibody underneath a parafilm layer at 4°C overnight (primary antibody 

dilutions: 1:10 Troponin T CT3, DSHB (RRID:AB_528495); 1:10 Myosin Heavy Chain 

ALD58, DSHB (RRID:AB_528361); 1:10 Myosin Heavy Chain F59, DSHB 

(RRID:AB_528373); 1:500 Mouse anti-smooth muscle actin, Sigma-Cat# A5228-200uG; 

1:500 Mouse anti phospho-histone H3, Abcam-ab14955; 1:500 rabbit anti caspase-3,R&D 

Systems # AF835; 1:500 goat anti GFP, Abcam Cat#ab6673, all in blocking reagent 1xPBS 

with: 5% vol/vol normal donkey serum, 0.3% vol/vol Triton-X100). Subsequently, sections 

were washed for 3 times with 1xPBS, incubated with secondary antibody for 40 mins at room 

temperature and counterstained with DAPI. Secondary antibodies include: Goat anti-mouse 

IgG2a Alexa-568 (RRID:AB_2535773), Goat anti-mouse IgG1 Alexa-

568(RRID:AB_2535766), Goat anti-rabbit IgG Alexa-568(RRID:AB_2534121), Donkey 

anti-goat IgG Alexa-488(RRID:AB_2534102); 1:1000, Molecular Probes. Zeiss 

AxioImager.M2 with Apotome.2 and Zeiss LSM 800 confocal microscope were utilized for 

imaging. Images were cropped, rotated, and intensity was linearly adjusted for visualization.  
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C h a p t e r  I V  

CLONAL ANALYSIS AND DYNAMIC IMAGING IDENTIFY 

MULTIPOTENCY OF INDIVIDUAL GALLUS GALLUS CAUDAL 

HINDBRAIN NEURAL CREST CELLS TOWARD CARDIAC AND 

ENTERIC FATES 

Part of this chapter was published as Tang, W., Li, Y., Li, A. & Bronner, M. E. Clonal analysis and 
dynamic imaging identify multipotency of individual Gallus gallus caudal hindbrain neural crest cells 

toward cardiac and enteric fates. Nat. Commun. 12, (2021). DOI: 10.1038/s41467-021-22146-8 

 

ABSTRACT 

Neural crest stem cells arising from caudal hindbrain (often called cardiac and posterior 

vagal neural crest) migrate long distances to form cell types as diverse as heart muscle and 

enteric ganglia, abnormalities of which lead to common congenital birth defects. Here, we 

explore whether individual caudal hindbrain neural crest precursors are multipotent or 

predetermined toward these particular fates and destinations. To this end, we perform 

lineage tracing of chick neural crest cells at single-cell resolution using two complementary 

approaches: retrovirally mediated multiplex clonal analysis and single-cell 

photoconversion. Both methods show that the majority of these neural crest precursors are 

multipotent with many clones producing mesenchymal as well as neuronal derivatives. 

Time-lapse imaging demonstrates that sister cells can migrate in distinct directions, 

suggesting stochasticity in choice of migration path. Perturbation experiments further 

reveal guidance cues acting on cells in the pharyngeal junction can influence this choice; 
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loss of CXCR4 signaling results in failure to migrate to heart but no influence on 

migration toward the foregut, whereas loss of RET signaling does the opposite. Taken 

together, the results suggest that environmental influences rather than intrinsic information 

govern cell fate choice of multipotent caudal hindbrain neural crest cells.  

4.1 INTRODUCTION 

A challenge in understanding cell fate choice is to identify how individual embryonic stem 

cells make lineage decisions in order to differentiate into diverse adult cell types.  A 

remarkable example of such a stem cell population is the neural crest, which forms multiple 

derivatives ranging from peripheral neurons and glia to pigment cells, cartilage, and muscle 

cells1. A long-standing question is whether individual neural crest cells are multipotent 

stem cells or fate-restricted progenitors, each “predetermined” to from a particular cell 

type. While this question has been elegantly tackled for trunk neural crest cells in the mouse 

using Confetti technology2, lineage analysis at other levels of the neuraxis has been more 

challenging due to their vast array of derivatives coupled with long distances traveled. The 

question of multipotency is particularly pertinent to neural crest cells arising from the 

caudal hindbrain, which undergo some of the longest migrations of any embryonic cell 

type and populate derivatives as diverse as muscle of the heart3,4, and neurons and glia of 

the sympathetic and enteric nervous system (ENS)5.  

The caudal hindbrain neural crest arises adjacent to the middle of the otic vesicle to the 

level of somite 7 and is termed “vagal” neural crest. Transplantation and cell labeling 

techniques have shown that the vagal region can be subdivided into two populations.  Cells 
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arising from adjacent to the mid-otic vesicle to somite 3, corresponding to rhombomeres 

(r) 5 and 6,  are called the “cardiac” neural crest since many of these cells populate the 

heart, contributing to the aorticopulmonary septum, cardiac ganglia, pharyngeal arch 

arteries, cardiomyocytes as well as parts of the thymus, thyroid and parathyroid3,4,6. In 

contrast, the “posterior vagal” neural crest arising adjacent to somites 4-7 develops into 

ganglia of the sympathetic and enteric nervous systems5.  

Grafting experiments at the population level have suggested differences in developmental 

potential of vagal neural crest cells depending upon their rostrocaudal level of origin.  For 

example, when small grafts of quail neural folds were transplanted into chick hosts from 

which the vagal neural crest was removed, cells from adjacent to somite 3 could form 

enteric neurons whereas those from adjacent to somite 1 failed to do so7. Similarly, GFP 

labeling via somite level-specific electroporation or transplantation in chicken embryos has 

shown that while cardiac neural crest cells migrate to the heart and the gut, posterior vagal 

neural crest cells contribute only to the ENS8,9. However, disagreement remains on the 

nature of the migratory pathways and cell types emerging from the cardiac neural crest 

region.  Whereas Kuo and Erickson suggest that cardiac neural crest cells take different 

pathways to the heart than to the gut8, Espinosa and colleagues highlighted the role of vagus 

nerve in guiding Schwann cell precursors migration toward the ENS9. These population 

studies clearly show that cells delaminating from the cardiac level can contribute to both 

cardiovascular system and the ENS, albeit the source of the cells, whether of neural crest 

and/or Schwann cell precursor origin, remains a matter of debate8,9.  
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These studies raise the intriguing question of whether individual neural crest cells are 

multipotent, with the potential to form both cardiac and enteric derivatives, or if there are 

distinct precursors fated to populate each of these distant destinations that migrate 

differentially. Addressing this question requires examining the developmental potential of 

individual cardiac neural crest precursor cells. This has been done in vitro by isolating 

cardiac neural crest cells at migratory10 and post-migratory11 stages. In these clonal 

cultures, some individual neural crest-derived cells were capable of generating multiple 

cell fates, including pigment cells, smooth muscle cells, connective tissue cells, 

chondrocytes and sensory neurons. Further studies showed that the scope of developmental 

potential is partially restricted in TRKC mutant mice12, suggesting that environmental 

factors may play a role in maintaining stem cell properties of the cardiac neural crest.  

While these experiments have tested the potential of cardiac neural crest cells removed 

from the embryonic milieu and grown at clonal density, it is technically difficult to extend 

these analyses in vivo.  

To meet this challenge, here we perform clonal analysis of the cardiac neural crest in vivo 

at high resolution. We first use replication-incompetent avian (RIA) retroviruses13–19 that 

express distinct fluorophores to identify clonally related progeny of premigratory cardiac 

and posterior vagal neural crest cells. Moreover, we establish an assay for anterograde 

lineage tracing of migratory cells. Through sparse viral infection and photo-conversion 

using a one-photon laser, we can precisely photo-label single migrating cells within the 

complex context of an embryo. Finally, by coupling molecular perturbations with our 

recently established dynamic imaging approach20, we show that early cardiac neural crest 
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cells migrate stochastically;  once within the pharyngeal junction, they migrate toward 

both the heart and gut, as a result of target-specific responses to CXCR4 and RET signaling. 

While posterior vagal neural crest cells are also multipotent, they contrast with cardiac 

crest cells by only contributing to ENS and sympathetic ganglia. Taken together, our study 

reveals interesting similarities and differences between individual neural crest precursors 

emerging from distinct levels of the caudal hindbrain.  While both cardiac and posterior 

vagal neural crest cells are multipotent, they undergo differential migration. Cardiac neural 

crest cells can populate both the heart and gut under the influence of differential guidance 

cues, whereas posterior vagal neural crest cells migrate to the gut in a manner apparently 

independent of these guidance cues.  

4.2 RESULTS 

4.2.1 MULTIPLEX CLONAL ANALYSIS SHOWS THAT PREMIGRATORY 

NEURAL CREST CELLS AT THE “CARDIAC” LEVEL ARE MULTIPOTENT 

At Hamburger Hamilton (HH) stage 9, cardiac neural crest precursors are positioned within 

the dorsal neural tube and about to delaminate. A mixture of RIA retroviruses encoding 

distinct fluorescent proteins (Fig4-1a) was injected into the neural tube from mid-otic to 

somite 3 level and embryos were harvested 48 hours post infection (Supplementary Fig4-

1a, b show examples of embryos immediately after and 48 hours post-injection). A slice 

was cut directly posterior to the otic placode (Fig4-1b) to obtain a transverse view of all 

cardiac neural crest-related structures (Fig4-1c, grey), including the dorsal neural tube 

(dNT), cranial nerve nine (CN-IX), pharyngeal arch arteries (PAA), and outflow tract 
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(OFT). The tissue slice was imaged live in order to preserve native fluorescence signal 

without compromising normal biological processes.  

To determine the probability of multiple infection and thus assess clonality, we performed 

a calculation similar to that used for trunk neural crest precursors16,21 but revised to account 

for the increased numbers of Pax7+ cells in the caudal hindbrain compared with the trunk.  

After estimating the numbers of Pax7+ versus total number of cells of the hindbrain, we 

calculated the probability of multiple infections P{n} using the following equation: 

                               (1) 

where n is the number of viral particles simultaneously infecting a premigratory neural 

crest cell (Pax7+); m is average number of viral particles per Pax7+ cell (Supplementary 

Fig4-1c, d).  To determine m, we measured the titer of the virus which was ~1 x 107 pfu/ml, 

in the volume injected into the embryo, which was typically ~0.5μl, corresponding to 

~5,000 particles injected. Of these viral particles, the proportion infecting Pax7+ cells 

equals to the ratio between the number of Pax7+ cells and total cells in the hindbrain neural 

tube (~0.258). Thus, the number of viral particles infecting Pax7+ cells is around 1292. 

The number of Pax7+ cells (~5863 cells) in the caudal hindbrain was estimated based on 

average number of cells on each section and thickness of the caudal hindbrain segment; m 

is therefore around 0.22. Collectively, this led to the conclusion that probability of a single 

cell being simultaneously infected by two or more viruses are low (0.019 for double 

infection and 0.0014 for triple infection)16,21. Thus, in both double and triple infections, the 

unique fluorescence signatures from multiple infection events can be utilized as clonal 
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readouts. To further improve the stringency of our clonal analysis, we defined a clone 

by three criteria: a rare complex color combination produced by two or more infections of 

an individual precursor (multiple infection); similar intensity of fluorescent signal (due to 

site of integration within the genome); subcellular localizations of fluorescent proteins 

(Fig4-1a, e.g. nuclear, mitochondrial, membrane or actin cortex). 

Upon visual inspection of living tissue, fluorescence was detected in all cardiac neural crest 

derived regions (Fig4-1d). Zooming in on neural crest derivatives, clones with identical 

color/subcellular signatures were identified in multiple structures. For example, a clone 

simultaneously expressing H2B-RFP, H2B-YFP and Mito-CFP shared progeny in the dNT 

(Fig4-1e), CN-IX (Fig4-1f), PAA (Fig4-1g) and OFT (Fig4-1h). In general, neural crest-

derived clones displayed variable sizes, with an average of 9 cells per clone, indicating 

diverse proliferative properties. 18/86 (21%) of these clones developed into two or more 

neural crest derivatives in addition to the dNT and 4/86 (4.6%) of the clones exhibited an 

even higher degree of multipotency with daughter cells residing in all three neural crest 

derivatives (Fig4-1i, Supplementary Data 4-1a). In contrast, 24/86 (28%) clones gave rise 

to progeny within a single location. 

Immunofluorescence analysis showed that clonally related cells can adopt multiple cell 

fates even within a single derivative.  For example, descendants of a rare clone expressing 

H2B-RFP, Mem-YFP and Mito-CFP were only seen within CN-IX. However, staining 

with the neuronal marker HuC/D at embryonic day 7 (E7), a time after neuronal 

differentiation, revealed one cell at the center of CN-IX that expressed the neuronal marker 
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HuC/D (Fig4-1j), but another HuC/D negative cell of the same clone at the periphery 

of the ganglion, a location where presumptive glial cells often reside, consistent with a 

presumptive non-neuronal cell fate (Fig4-1k). These results suggest that individual 

premigratory cardiac neural crest cells can produce diverse cell types even when in close 

proximity, indicating that location alone may underestimate the developmental potential 

within a clone. 
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Figure 4-1. Multiplexed clonal analysis reveals multipotency of premigratory cardiac neural crest cells. (a) 

Sequences encoding H2B-RFP, H2B-YFP, H2B-CFP, Mito-CFP, Mem-YFP and Utrophin-Scarlet were 

cloned downstream of RSV promoter of the RIA vector for combinatorial infection. (b) Schematic of in vivo 

slice culture. At HH21, a ~500μm thick slice was obtained posterior to the otic placode. The slice was then 

embedded in 1% agarose and imaged using inverted confocal microscopy. A, anterior; P, posterior; D, dorsal; 

V, ventral. (c) Schematic diagram of cardiac neural crest-derived tissues (grey). Dorsal neural tube (dNT), 
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cranial nerve nine (CN-IX), pharyngeal arch arteries (PAA) and outflow tract (OFT) were imaged and 

scored for cells with identical clonal signatures. (d) A tiled multiplex image of the cardiac slice, representative 

of 23/23 embryos. CN-IX, PAA, OFT and Schwann cells (arrowhead) were infected by a mixture of RIAs. 

Red signal along the pharyngeal endoderm does not represent virally labelled cells. Instead, it is a result of 

autofluorescence from tissue debris common in chick explant cultures. (e-h) Clonally related cells (ID: 

Supplementary Data 4-1a-84) infected by three viruses (H2B-RFP, H2B-YFP, Mito-CFP, arrowhead) were 

identified in all four cardiac neural crest derivatives: dNT (e), CN-IX (f), PAA (g), OFT (h). In (h), RFP and 

YFP signals did not align in the OFT as a result of heart beating during image acquisition. (i) Bar graph 

showing distribution of double (blue) and triple (orange) infected clones. (j-k) In clones that appeared to be 

restricted in one location, cells could acquire distinct fates. At E7, one cell in a rare clone near CN-IX 

expressing H2B-RFP, Mem-YFP and Mito-CFP differentiated into HuC/D expressing neuron (j), while 

another cell of the same clone remained HuC/D negative (k). Scale bars: d 500μm; e-h 100μm; j, k 60μm. 
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Supplementary Figure 4-1: Supplementary information for clonal analysis and cardiac neural crest single-

cell photoconversion. (a) A chick embryo immediately after injection. The entire region of the neural tube 

adjacent to mid-otic to somite 7 is labelled with viral mixture (blue). Note that the first two somites are 

disappearing.  (b, b’) An embryo was specifically injected at the cardiac level between mid-otic to somite 3. 

48 hours post injection, virally labelled cells (green) migrated exclusively into pharyngeal arches 3, 4, 6, 

suggesting axial specificity (23/23). (c) To estimate probability of double and triple infections, number of 

neural crest precursor cells (Pax7+, magenta) and total cells in the hindbrain (DAPI, green) were quantified 

(12/12). Amongst all viral particles injected, particles infecting Pax7+ cells can be derived by the ratio 

between Pax7+ cells and total cells in the hindbrain (~0.258). (d) At the vagal level, approximately 1292 

viral particles infected ~5863 Pax7+ cells with equal probability. Following a Poisson distribution of multiple 
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infection21, probability of double infection and triple infection is 0.019 and 0.0014 for vagal neural crest 

cells, respectively, (n, number of viral particle(s) infecting a cell; m, ratio of viral particle number and Pax7+ 

cell number). (e) 12 hours post-conversion, the converted cell divided into two daughter cells, with red H2B-

Emeos in the nucleus and YFP-Utrophin delineating cellular structures. (f) Although blood cells or apoptotic 

cells can also possess red nuclear-like signal, YFP-Utrophin will not be present in those cells. Thus, the cell 

in f (arrowhead) was not counted as a derivative of the converted cell. (g) Number of bi-location and uni-

location cardiac clones observed in single-cell photoconversion assay. Abbreviations: CN, cranial nerve; 

PAA, pharyngeal arch arteries; OFT, outflow tract. Numbers in parenthesis shows the number of images with 

the phenotype presented in the figure out of all images taken. Scale bars: c 160μm; e, f 20μm. 

4.2.2 SINGLE-CELL PHOTOCONVERSION SHOWS THAT MIGRATORY 

“CARDIAC” NEURAL CRESTS ARE MULTIPOTENT 

Next, we asked whether cardiac neural crest cells retain multipotency during dorsoventral 

migration. As these cells move toward the heart, it becomes difficult to utilize multiplex 

viral labeling owing to increasing tissue depth and the large number of virally infected 

cells. We therefore developed a technique, comprised of sparse viral infection followed by 

one-photon laser photoconversion, to label a single migrating cell with exquisite 

spatiotemporal control. 

 To this end, we constructed a recombinant RIA virus encoding H2B-Emeos that exhibits 

high levels of photoconversion efficiency and fluorescence intensity. Previously, two 

methods for single-cell photoconversion have relied on confined axial excitation of cells 

expressing photoactivatable or photoconvertible proteins. While the femtosecond pulsed 

two-photon laser serves as the gold standard for this purpose because of its low scattering 
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near-infrared light confines the excitation22, several studies have reported that 

negligible photoconversion was achieved even using high-power illumination and long-

term exposure. Primed conversion, in which simultaneous illumination of the specimen 

with both 488 nm and 730 nm lasers, can also achieve single-cell photoconversion23. 

However, the requirement of additional hardware (a filter cube to transmit both lasers) and 

the use of high-power infrared laser (730 nm) preclude its wide application. Therefore, we 

addressed these issues by manipulating viral titer to sparsely tag neural crest cells, which 

can be efficiently converted through the non-confined 405 nm one-photon laser, thus 

simplifying the tools for clonal analysis. While used here for clonal analysis of the neural 

crest, this could easily be adapted to diverse embryonic tissues, model organisms and adult 

stem cells. 

Using low viral titers, we achieved sparse labeling of cardiac neural crest cells. A single 

labeled cell was identified in the optical path, and converted from green to red using 405 

nm laser illumination. This approach provides an efficient way to spatially single out an 

individual progenitor cell for lineage tracing. To distinguish the converted red neural crest 

cells from blood cells that emit red autofluorescence (Supplementary Fig4-1e, f), we used 

a 2A bicistronic system to incorporate YFP-Utrophin (targeting the cortex beneath the 

plasma membrane) in the same virus (Fig4-2a1). We injected recombinant virus into the 

neural tube and focused on a region with a single migratory cell along the imaging axis 

(Fig4-2a2, 2’). We then photoconverted the nucleus from green to red while the cell 

membrane remained green in color (YFP-Utrophin) (Fig4-2a3, 3’, b, b’ in explant culture). 

This specific fluorescence signature permits accurate tracking of the labeled progeny cells 
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during normal development. Despite dilution after cell division, the signal was 

detectable by confocal imaging at 24 hours after tissue fixation and immunohistochemistry 

with anti-HNK1, a molecular marker for migrating neural crest cells (Fig4-2a4, c, c’ in 

cryosections).  

               Whereas some sister cells remained in close proximity after cell division (3/11), 

in the majority of cases (8/11), clonally related cells were dispersed in multiple cardiac 

neural crest derivatives (Supplementary Fig4-1g). For instance, we observed bipotent 

clones with sister cells in cranial nerve nine (CN, Fig4-2d1) and pharyngeal arch arteries 

(PAA, Fig4-2d2) as well as clones with cells in both pharyngeal arch arteries (PAA, Fig4-

2e1) and the outflow tract (OFT, Fig4-2e2). Thus, this approach confirms multipotency of 

individual cardiac neural crest cells in a manner independent of multiple infection and 

highlights the fact that neural crest multipotency is retained at the migratory stage. 
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Figure 4-2. Single-cell photoconversion reveals multipotency of migratory cardiac neural crest cells. (a) 

Implementing single-cell photoconversion technique in embryo slice. In (1), cells were labelled with virus 

expressing both YFP-Utrophin and H2B-Emeos. A single migratory neural crest cell was converted (2, 2’, 3, 

3’), and the tissue slice was cultured for 24 hours until its progenies migrated to their destinations (4). Clones 

are assessed based on red fluorescence in the nucleus and green fluorescence underneath the plasma 

membrane. (b, c) A representative experiment of single-cell photoconversion and lineage tracing. One 

migratory cell was photoconverted (b, b’); after 24 hours, two daughter cells were observed in the migration 

stream (c), where cranial nerve is expected to form. Both cells were positive for neural crest marker HNK1 

(c’, magenta). (d) An example of a clone with one cell in the cranial nerve (inset d1, CN), and the other cell 

in prospective pharyngeal arch arteries (Inset d2, PAA). (e) An example of a clone with one cell located in 

pharyngeal arch arteries (Inset e1, PAA), and three cells migrating further into the outflow tract (Inset e2, 
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OFT). Also see Supplementary Fig4-1e, f for signal detection method and summary of the results 

(Supplementary Fig4-1g). Scale bars: b-e 200μm; Insets d1, d2, e1, e2 12.5μm. 

4.2.3 PREMIGRATORY AND MIGRATORY NEURAL CREST CELLS AT THE 

“POSTERIOR VAGAL” LEVEL ARE MULTIPOTENT 

Having demonstrated the utility of multiplex clonal analysis and single-cell 

photoconversion at the cardiac level, we applied both approaches to explore clonal 

relationships within the posterior vagal neural crest region. The same mixture of RIA 

retroviruses (Fig4-1a) was injected to fill the entire vagal neural tube, adjacent to somites 

1-7, prior to cell delamination. 48 hours post-infection, a tissue slice was cut between the 

levels of somite 4 and 7 (Fig4-3a). Rare color combinations could be identified in four 

locations including dNT, dorsal root ganglia (DRG), sympathetic chain (SYM), and enteric 

nervous system (ENS) (Fig4-3b, grey). For instance, a clone expressing Utrophin-Scarlet, 

H2B-YFP and Mito-CFP was observed in all four locations (Fig4-3d-g). In contrast to the 

cardiac crest, ~40% of posterior vagal clones (38/95) were confined in a single derivative.  

We noted that 9/38 (24%) of these “single derivative clones” were located only in the ENS, 

the most ventral derivative along the migration route (Supplementary Data 4-1b), without 

sister cells in the neural tube or the sympathetic chain adjacent to somites 4-7. However, a 

large number of clones (36/95, 38%) gave rise to progeny in three or four derivatives (Fig4-

3c, Supplementary Data 4-1b). As further validation of the multipotency of some posterior 

vagal neural crest cells at migratory stages, we optically highlighted a single migratory 

posterior vagal crest cell (Fig4-3h), and confirmed that it was able to give rise to both 

sympathetic ganglion cells (Fig4-3i) and part of the enteric nervous system (Fig4-3j). 
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The fact that so many clones contributed only to the ENS raised two possibilities. First, 

ENS precursors from the posterior vagal stream may be ‘set aside’ prior to emigration. 

Alternatively, due to an overlapping contribution of the cardiac neural crest and posterior 

vagal neural crest populations to the gut8,9, instead of being posterior vagal crest-derived, 

these apparently “single-derivative clones” in the ENS might share clonal origin with the 

more anterior cardiac neural crest.  
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Figure 4-3. Posterior vagal neural crest cells are multipotent and converge with cardiac neural crest cells to 

form enteric neurons. (a) Schematic of in vivo slice culture in multiplex clonal analysis at the posterior vagal 
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level. At HH21, a ~500μm slice was obtained at somites 4-7, embedded in 1% agarose and imaged. D, 

dorsal; V, ventral. (b) Schematic of posterior vagal neural crest-derived tissue (grey), including dorsal neural 

tube (dNT), dorsal root ganglia (DRG), sympathetic chain (SYM) and enteric nervous system (ENS). (c) 

Distribution of double (blue) and triple (orange) infected clones among multiple derivatives. (d-g) Utrophin-

Scarlet, H2B-YFP, Mito-CFP-coexpressing cells (ID: Supplementary Data 1b-81) were identified in all four 

locations. (h-j) Multipotency of migratory posterior vagal crest cells was confirmed by photoconverting a 

cell after delamination (h). 24 hours post conversion, derivatives of the photoconverted cell were observed 

in future sympathetic chain (i) and around the gut (j). (k) In HH21 embryos, two slices were obtained for a 

transverse view of cardiac and posterior vagal crest derivatives. (l-o) Triply infected cells in the ENS shared 

clonal signature with other cells in the cardiac slice. A H2B-RFP, H2B-YFP, Mem-YFP-positive clone (ID: 

Supplementary Data 4-1c-61) was observed in dNT (l), CN-IX (m), PAA (n), and ENS (o). (p) The principle 

of stream-specific photoconversion assay. UV light was used to specifically convert post-otic cardiac crest 

cells. If cardiac neural crest cells contribute to the ENS, descendants with red fluorescence should be 

observed around the gut. (q) In an embryo immediately after conversion, cardiac crest cells were specifically 

labelled in red. (r) 24 hours post-conversion, a converted cell was found near the gut, indicating a cardiac 

origin of ENS.  See Supplementary Fig4-2l for absence of converted cell in dorsal posterior vagal crests, 

ruling out the possibility of unspecific conversion. Scale bars: d-g, l-o 100μm; h-j, q, r 160μm. 

4.2.4 CARDIAC NEURAL CREST ORIGIN OF SOME ENTERIC NEURONS 

To distinguish between these two possibilities, we injected the RIA viral mixture into the 

lumen of the neural tube specifically at the cardiac neural crest (mid-otic to somite 3) axial 

level and analyzed slices at both the cardiac and posterior vagal crest regions (Fig4-3k). 

For clonal analysis, four sites including the dorsal neural tube (dNT), cardiac neural crest 

derivatives (CN-IX, PAA, OFT, Fig4-1c) and the ENS (Fig4-3b) were imaged to enable 

assessment in both dorsal-ventral and anterior-posterior extent of the clones. We first 
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screened for specificity of the initial viral infection by examining the posterior vagal 

neural tube, where we found no fluorescently labeled cells (Fig4-3k).  

Importantly, we noted that a considerable number of ENS cells shared clonal signatures 

with sister cells in cardiac crest derivatives. For instance, we identified a triple labelled 

clone expressing H2B-RFP, H2B-YFP and Mem-YFP with cells in the dNT at the cardiac 

crest level (Fig4-3l), CN-IX (Fig4-3m), PAA (Fig4-3n) and ENS (Fig4-3o). In addition, 

cells in the ENS were clonally related to other cardiac crest derivatives in 24/25 (96%) of 

cases.  25/72 (35%) of all clones in the cardiac crest shared common progenitor with the 

gut (Supplementary Data 4-1c). These results show that a significant proportion of cardiac 

crest clones also contribute to the ENS.  

To validate the types of derivatives formed by clonally related cells, we used several 

markers that reflect mature cell type markers. Antibodies against HuC/D and TuJ1 were 

used to detect mature neurons, tyrosine hydroxylase (TH) for sympathetic neurons, P0 for 

Schwann cells and smooth muscle actin (SMA) as a mesenchymal cell fate marker in 

mature pharyngeal arch arteries. Analysis of immunofluorescence showed that at E7, 

clonally related cells that localized in different derivatives expressed distinct cell fate 

markers. For example, in the same embryo, H2B-RFP, H2B-YFP and Mito-CFP infected 

cells represent a rare clone. Around the CN-IX, cells of this clone gave rise to neuronal 

(Supplementary Fig4-2a,c), glial (Supplementary Fig4-2b), and Schwann (Supplementary 

Fig4-2d) cells, as well as in rare cases, sympathetic (Supplementary Fig4-2k) lineages. In 

the gut, a portion of the cells differentiated into enteric neurons (Supplementary Fig4-2e, 
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g) and Schwann cells (Supplementary Fig4-2h). While clonally related cells 

differentiated into smooth muscle of the pharyngeal arch arteries, the HuC/D-negative cells 

in the gut did not form smooth muscle (Supplementary Fig4-2f). Ventrally into the 

pharyngeal arches and the heart, some cells contributed to smooth muscle of the arteries 

(Supplementary Fig4-2i) and neurons in the outflow tract (Supplementary Fig4-2j).  

 

Supplementary Figure 4-2: Cell fate analysis of clonally labelled vagal neural crest cells and stream-specific 

photoconversion. At E7, in H2B-RFP, H2B-YFP, Mito-CFP triple infected clone, cells acquired diverse cell 

fates, including neurons (a, c), glia (b) and Schwann cells (d) in cranial nerve nine (CN-IX) and surrounding 

tissue.  In the enteric nervous system (ENS), they gave rise to neuronal (e, g) and Schwann cells (h). However, 

neural crest cells did not generate smooth muscle layer of the gut, despite in blood vessels (arrowhead) (f). 
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Cells of the clone also contributed to smooth muscle surrounding pharyngeal arch arteries (i), neuronal 

cells in the outflow tract (j), and in rare cases posterior sympathetic neurons (SYM) (k). (l) In stream-specific 

photoconversion, a transverse section at posterior vagal region was obtained. The ventral portion is presented 

in Fig4-3r. In the dorsal portion, no photoconverted cell was visible, indicating that photoconversion was 

specific for cardiac neural crest cells. Scale bars: a-k 100μm; l 160μm. 

As an alternative means of assessing whether cells derived from the cardiac level migrate 

from the pharyngeal junction posteriorly into the gut, we photoconverted a stream of 

migrating cardiac crest cells within the arches (Fig4-3p, q). 24 hours later, photoconverted 

progenies were observed in the gut region posterior to the original cardiac crest (Fig4-3r) 

but absent from dorsal regions of the same embryo where the posterior vagal stream is 

located in (Supplementary Fig4-2l). This result independently confirms the cardiac crest 

origin of these photo-labelled enteric cells.  

4.2.5 CELLS INDIVIDUALLY MIGRATING FROM CARDIAC AND POSTERIOR 

VAGAL NEURAL CREST STREAMS INTERMIX 

           To gain insight into the cellular mechanisms underlying multipotency, we optimized 

experimental conditions of tissue slice cultures19,20, and performed in vivo time-lapse 

imaging to capture cellular behaviors. We first focused our analysis on migrating neural 

crest cells expressing membrane-YFP at both the cardiac (Fig4-4a, Supplementary Fig4-

3a, Supplementary Movie 4-1) and posterior vagal levels (Fig4-4g, Supplementary Fig4-

3b, Supplementary Movie 4-2). Visual inspection suggested that cells migrated randomly 

as individuals, though as a population they moved directionally from dorsal to ventral. The 

heterogeneous movement of the population necessitated quantitative analysis. As such, we 
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conducted squared displacement (SD) analysis, a widely used method to estimate the 

nature of object motion, which revealed that cells exhibited a mixture of directed 

movement, constrained movement, and free diffusion (Fig4-4b, h). As a consequence, little 

correlation was observed between the original positions of the cells and their total 

displacement (Fig4-4c-e, i-k). Sister cells were typically far apart after separation (Fig4-

4f, l, m). Based on these findings, we propose that early individual cell migration is 

stochastic in nature, leading to a random clonal distribution along the dorsoventral axis. 

However, clonally related cells at both the cardiac and the posterior vagal levels experience 

disparate environments, which may promote differentiation into distinct cell types at later 

developmental stages.  

If cell migration occurs randomly along the anterior-posterior axis, the cardiac and 

posterior vagal streams, rather than migrating as separate populations8,9, are likely to 

intermix. To test this possibility, we examined cell behaviors at the pharyngeal junction 

where cardiac neural crest cells start to migrate into heart and enteric structures. When 

Utrophin-Scarlet or H2B-YFP expressing cardiac neural crest population was imaged in 

the lateral view, we noticed that as the stream reached pharyngeal arch 6, some cells began 

to migrate posteriorly along the developing gut (Fig4-4n, Supplementary Movie 4-3; n’, 

Supplementary Movie 4-4). Taken together, these studies strongly suggest that stochastic 

cell migration is an important factor and may contribute to the generation of the diverse 

cell types from cardiac and posterior vagal neural crest cells (Fig4-4o). 
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Figure 4-4. Vagal neural crest cells display individual and stochastic early cell migration. (a, g) Selective 

snapshots of the migratory cardiac (a) and posterior vagal (g) neural crest cells expressing membrane-YFP. 

In the coordinate system defined to facilitate quantitative analysis, dorsal-most position in the neural tube 

was set as the origin. The y axis was defined parallel to dorsoventral (DV) direction. The mediolateral (ML) 

axis aligns parallel to the x axis. The z axis runs in the anteroposterior direction (AP). See Supplementary 

Fig3a, b for snapshots with brightfield channel displaying tissue morphology. (b, h) Squared displacement 
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(SD) analysis of cell trajectories shows that both cardiac (b, n= 21 cells examined over 2 time-lapse 

imaging experiments) and posterior vagal (h, n= 18 cells examined over 1 time-lapse imaging experiment) 

neural crest cells exhibit three types of migration, including free diffusion (α ≈ 1), directed motion (α > 1) 

and constrained motion (α < 1). α values are shown in b’ and h’ for cardiac and posterior vagal populations, 

respectively. (c-e, i-k) The correlation between cell positions in x (c, i), y (d, j), z (e, k) axis at time 0 and 

their total displacement was plotted for both cardiac (c-e) and posterior vagal (i-k) neural crest cells. The 

close-to-0 values of correlation coefficients (R) suggest no notable correlation between initial positions and 

distances travelled. (f, l) Examples of sister cell trajectories at the cardiac (f) and posterior vagal (l) levels. 

The dots represent the final positions of sister cells. D, dorsal; V, ventral.  (m) The distance between sister 

cells by the end of imaging were measured. There was no statistically significant difference between the 

cardiac (n= 21 cell divisions examined over 2 time-lapse imaging experiments) and posterior vagal (n = 9 

cells examined over 1 time-lapse imaging experiment) population (two-sided rank-sum test). (n, n’) Cell 

trajectories of cardiac crest migration from pharyngeal arch to the gut (n, replicate n’) along the 

anteroposterior axis. The region imaged is shown in the dashed box of (n). Color coded timescale (from 

purple to red) is presented in (n’). A, anterior; P, posterior. (o) Summary of vagal neural crest migration with 

a convergence of cardiac neural crest and the posterior vagal crest to populate the ENS. In box-and-dot plots 

(b’, h’, m), the box bottom, median line, and box top represent the 25th (Q1), 50th (Q2) and 75th percentile 

(Q3), respectively. Whisker ends represent Q1 – 1.5*IQR and Q3 + 1.5*IQR, respectively. IQR is 

interquartile range (Q3-Q1). Scale bars: a, g 100μm, f, l 30μm. 
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Supplementary Figure 4-3: Individual cell migration of vagal neural crest cells. Time-lapse imaging with 

the brightfield (grey) view on the cardiac (a) and posterior vagal (b) neural crest cells expressing membrane-

YFP. Scale bars: a, b 100μm. 

4.2.6 PERTURBATION OF FGF, CXCR4 AND RET SIGNALING REVEALS 

ENVIRONMENTAL INFLUENCES ON THE DIRECTIONAL MIGRATION OF 

CARDIAC NEURAL CREST CELLS 

Finally, using retrovirally mediated molecular perturbations, we explored how cardiac and 

posterior vagal neural crest cells may differentially respond to environmental cues during 

early migration and particularly at the pharyngeal junction before entering the heart or the 

gut. Several signaling pathways have been suggested to play a role in aspects of vagal 

neural crest migration including FGF, ENDOTHELIN, NT3, EGF, SDF and GDNF 

signaling9,24,25. To test whether these may differentially affect cardiac versus posterior 

vagal neural crest populations, we generated recombinant virus overexpressing dominant-

negative (DN) mutants of receptors involved in these signaling pathways: FGFR1, 

CXCR4, RET, EDNRB, TRKC, ERBB2 and tested their roles in vivo. This approach has 
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the advantage of placing identifiable mutant neural crest cells in an otherwise normal 

environment. Of the DN mutants tested, positive results were obtained for Fgfr1 26,27, Cxcr4 

28–30 and Ret 31,32(Fig4-5a), corresponding to signaling mediated by Ffg8, Sdf1 and Gdnf 

ligands. The results show that vagal neural crest cells respond to these signaling pathways 

in temporally and axial level-specific manners.   

First, we tested the effects of perturbing FGF signaling. Blocking Fgfr1 resulted in little or 

no migration of mutant cardiac neural crest cells, causing an absence of mesenchymal cells 

in pharyngeal region at E3 (Fig4-5b, c) and paused development afterwards. Thus, Fgfr1 

is required for cardiac neural crest cells during early migration. 

In contrast to blocking FGF signaling, cells with dominant negative mutant forms of Cxcr4 

and Ret underwent normal initial migration into the pharyngeal arches (Fig4-5d, e for DN-

Cxcr4; Fig4-5 f, g for DN-Ret). In the long term, however, abrogation of CXCR4 signaling 

blocked the migration of cardiac neural crest cells into the heart (Fig4-5 j-k), but had no 

effect on migration to or formation of proximal ganglia and pharyngeal arches (Fig4-5h, i) 

or invasion of the gut (Fig4-5l). As there is variation in virus titer, the numbers of DN-

mutant virus infected cells cannot be directly compared with cells infected by control virus. 

Therefore, the ratio of cells in the gut was normalized to those in the cranial ganglia. At 

E7, these ratios are similar for CXCR4-perturbed cells (13.3%) and control cells (13.9%), 

suggesting that the effect of CXCR4 loss-of-function is likely to be specific to 

cardiovascular migration (Supplementary Data 4-2). On the other hand, cardiac neural crest 
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cells overexpressing DN-Ret were able to form proximal ganglia and contribute to the 

cardiovascular system (Fig4-5 m-p), but failed to populate the foregut (Fig4-5q).  

In order to compare the distance that RET mutant cells and normal cells migrated along 

the gut, we co-injected DN-Ret virus together with H2B-RFP control virus. We first 

checked infection specificity by examining labeling in the neural tube of the targeted axial 

levels. Both cardiac specific injection (at somite level 1-3) and vagal injection (at somite 

level 1-7) showed that control and RET mutant cells reached the anterior foregut proximal 

to the pharyngeal junction (Fig4-5r, t, An. foregut). However, the majority of cells that 

invaded the more posterior foregut were control cells (Fig4-5s, u, Foregut). Quantitative 

analysis shows that DN-Ret infection resulted in an approximately 86% reduction of cells 

in the foregut, compared with H2B-RFP control (Supplementary Data 4-2). Interestingly, 

although both arrived at the pharyngeal arches, cells expressing DN-Ret predominantly 

formed smooth muscle cells lining the arteries rather than migrating posterior-ventrally 

into the gut, contrasting with their H2B-RFP expressing counterparts. Furthermore, RET 

dependency is likely to be specific to the cardiac neural crest, because in embryos where 

the entire vagal neural crest population was infected, the midgut was populated by DN-Ret 

expressing cells (Fig4-5v), which are derived from posterior vagal neural crest cells33. 
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Figure 4-5. Molecular cues required for vagal neural crest cells to adopt cardiac and enteric fates. (a) Viral 

constructs over-expressing dominant-negative mutants of Fgfr1 (containing amino acids (aa) 1-425 of the 

full-length receptor) and Ret (aa 1-718) by truncating the tyrosine kinase domain, and Cxcr4 (aa 1-317) with 

c-tail eliminated. The ranges of amino acids are presented in yellow circles. All mutant constructs are labelled 

with fluorescent protein (FP, green). (b, c) Blocking FGFR1 signaling restricted cardiac neural crest cells 

within the ganglia (b, 3/3) and prevented pharyngeal mesenchyme formation (c, 6/7) at E3.  (d-g) DN-Cxcr4 

and DN-Ret had no apparent effect on initial migration into the ganglia or pharyngeal arches (d (2/2), e (5/5) 
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for Cxcr4; f (3/3), g (8/9) for Ret). (h-l) At E7, DN-Cxcr4 expressing cells formed cranial ganglia (h, 

CN-IX, 2/2), cells around pharyngeal arch arteries (i, PAA, 7/7), and enteric nervous system (l, ENS, 6/7). 

However, no DN-Cxcr4 expressing cells gave rise to the outflow septum (j, OFT, 5/5) or interventricular 

septum (k, IV, 2/2). (m-q) DN-RET expressing cells formed cranial ganglia (m, CN-IX, 4/4), cells around 

pharyngeal arch arteries (n, PAA, 6/6), cardiac outflow tract (o, OFT, 9/9) and interventricular septum (p, 

IV, 2/2); however, cells failed to enter the foregut (q, ENS, 7/9). (r-v) The influence of RET signaling on 

vagal neural crest cells is restricted in the cardiac population. Co-injection of DN-Ret and H2B-RFP 

(magenta) control virus into somite 1-3 showed that despite both mutant and control virus-infected cells were 

present in anterior foregut (r, An. Foregut, 8/8) near the pharyngeal junction, DN-Ret expressing cells failed 

to enter the foregut (s, 13/15). When the entire vagal population (S1-S7) was infected, both control and Ret 

mutant cells reached the anterior foregut (t, An. Foregut, 10/12). However, only control cells invaded the 

foregut (u, 8/9). DN-Ret expressing cells arising from posterior vagal crest cells was able to populate the 

midgut (v) (10/10). Numbers in parenthesis shows the number of images with the phenotype presented in the 

figure out of all images taken. Scale bars: b-v 160μm. 

4.3 DISCUSSION AND CONCLUSION 

Our study shows that many caudal hindbrain neural crest cells are multipotent and further 

reveals that individual cardiac neural crest precursors can give rise to both mesenchymal 

cardiovascular derivatives and neuronal ENS derivatives. Even at early migratory stages, 

single-cell photoconversion confirms multipotency and shows that daughter cells often 

take distinct migration routes post-division. This serves as a mechanism to randomly 

distribute multipotent neural crest cells prior to differentiation. Moreover, dynamic 

imaging accompanied by stream-specific photoconversion demonstrates that neural crest 

cells from different migratory streams intermix. Specific signaling cues guide multipotent 

cardiac neural crest-derived cells toward specific organs.  
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At odds with arguments for lineage restriction34,35, our findings in both the cardiac and 

posterior vagal axial levels are in good agreement with the idea that neural crest cells are 

largely multipotent, as well documented for neural crest cells at the trunk level2,36,37. While 

there is apparent heterogeneity within delaminating vagal neural crest population, recent 

single cell RNA-seq analysis of the vagal neural crest gene regulatory network has revealed 

a SOX10high/FOXD3+ subpopulation that appears to contribute to neural, neuronal and 

mesenchymal fates38. This early SOX10/FOXD3 cluster is likely to represent the 

multipotent population captured by our clonal analysis. According to our findings, ~20% 

of individual cardiac crest clones contribute to two or more different neural crest sites as 

well as the dorsal neural tube, demonstrating broad developmental potential. Although 

most neural crest cells migrate from dorsal to ventral, there is also movement along the 

anterior-posterior axis particularly within the pharyngeal arches.  As a consequence, our 

analysis likely reflects an underestimate, as some progeny may not be included in 

transverse slices used in our analysis. In addition, temporal differences in delamination 

may account for variation in clone size since cells delaminate from the neural tube for an 

approximately 24-hour period. Cells emerging earliest can migrate the furthest to populate 

the most distal structures and may undergo more cell divisions than those emerging later. 

This is consistent with findings using WNT1-CRE and P0-CRE to conduct population level 

lineage tracing of cardiac neural crest in mice39, which showed that the cardiac neural crest 

is comprised of a mixture of differentiated and undifferentiated cells. Here we extend this 

finding by dissecting the clonal relationship within the mixture of cells. Confetti technology 

has been used to look at later clonal relationships within enteric ganglia and suggest that 

there is localized clonal expansion and interaction with neuroectodermal cells, with some 
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clones contributing to diverse types of neurons and glia40. Our study complements this 

previous work by taking the study to a single cell level at early developmental stages. 

Posterior vagal crest clones appear to be tightly related, with 38% of clones found in 

multiple neural crest sites, compared with 21% of the cardiac crest clones. This may reflect 

intrinsic differences in cell behavior between these two populations. Posterior vagally-

derived tissues are enclosed within a smaller physical compartment, whereas cardiac crest 

cells are more loosely arranged mesenchymal cells that can easily migrate into adjoining 

branchial arches.  In contrast to the cardiac neural crest, the posterior vagal neural crest 

does not contribute to cardiovascular derivatives, but exclusively gives rise to sympathetic 

chain ganglia and ENS cells.  

Our clonal analysis shows that progeny of an individual cardiac crest cell not only migrate 

into the cardiovascular system, but also intermix with the posterior vagal crest and migrate 

posteriorly to adopt enteric ganglion fate. Amongst all candidate genes that we screened, 

FGFR1, CXCR4 and RET all influenced the migration of caudal hindbrain neural crest 

cells, with the latter two apparently required for the decision to migrate toward the heart 

versus the gut, respectively. Previous studies have shown that FGF signaling is essential 

for the cardiac neural crest fate decision24,  which is mediated by a low level of Fgf8 

secreted at midbrain-to-hindbrain boundary41–43,  as well as during early migration24, which 

is affected by high FGF8 expression in the pharyngeal arches44. Our results agree with and 

extend this by showing that blocking Fgfr1 results in abrogation of cardiac neural crest-

derived pharyngeal mesenchymal cells.  Once the cardiac neural crest cells have entered 
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the pharyngeal arches, further migration into the heart and the gut requires a different 

subset of signaling molecules. Our results suggest that CXCR4 signaling selectively 

promotes migration to the heart, consistent with the coordinate expression of CXCR4 by 

cardiac neural crest cells and its ligand SDF1 in the ectoderm45. Indeed, loss of 

CXCR4/SDF1 signaling has been shown to cause conotruncal defects in mice46 and 

chick29. Moreover, we find that it does not affect migration into the gut, suggesting a 

cardiac-specific chemoattraction. At early stages, the CXCR4 and RET mutant phenotype 

is less penetrant, likely due to delayed generation of mutant protein after viral integration 

which takes more than 24 hours29.  In contrast to CXCR4, RET is required for cardiac 

neural crest cells to invade the gut, under the guidance of its ligand GDNF expressed in the 

gut mesenchyme47, but has no influence on cells migrating to the cardiac outflow tract. 

RET deficiency results in reduced number of enteric neurons48,49. Since the dominant 

negative receptors are only synthesized at a high level after 1 day, the infected cells are 

undergoing active migration to the branchial arches prior to onset of the inhibitory effect.  

Moreover, a similar ratio of dominant negative and control virus infected cells are present 

in cranial nerve nine and the pharyngeal junction, to where cell migration is not affected. 

Therefore, the effects of CXCR4 and RET are more likely to be on their direction of 

migration rather than survival.  

We posit that slight differences in the reception of CXCR4/SDF versus RET/GDNF 

signaling amongst cardiac crest-derived sister cells within the pharyngeal junction may 

bias their migration toward either the heart or the gut, thus reflecting the mechanism 

contributing to their multipotency and diverse derivatives. Initially stochastic cell 
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migration accounts for the disparate distribution of clonally related cells along the 

dorsoventral axis, resulting in a random assortment of cells with broad developmental 

potential within the pharyngeal junction. In response to directional signals, a subset of cells 

migrates to the heart or the gut and differentiates according to environmental cues therein.  

Altogether, these results suggest that caudal hindbrain neural crest cells truly represent a 

multipotent stem cell population with signals from the local environment dictating their 

final cell fate choice (Fig 4-6).   

 

Figure 4-6. Developmental potential of individual vagal neural crest stem cells and bi-directional cardiac 

neural crest migration driven by molecular cues.  (a) Early cardiac neural crest cells (red) from the mid-otic 

to somite 3 exhibit stochastic migration. A subset of randomly selected progenies migrates into the 

pharyngeal junction in an FGF-dependent manner, and subsequently into the heart or the gut in response to 
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CXCR4 or RET, direction according to distribution of environmental signals (FGF8 expressed in 

pharyngeal arches, SDF1 expressed by ectoderm in coordination with migrating neural crest, and GDNF 

expressed in gut mesenchyme). In contrast, posterior vagal neural crest cells emigrated from somite 4-7 (blue) 

are less sensitive to RET signaling. (b) As a result, individual premigratory and migratory cardiac neural crest 

cells are multipotent, capable of giving rise to all cardiac crest-derivatives. (c) Individual premigratory and 

migratory posterior vagal neural crest cells are multipotent, contributing to diverse components of the 

sympathetic nervous system. The ENS is composed of neural crest cells of both cardiac and posterior vagal 

clonal origins. 

4.4 MATERIALS AND METHODS 

Molecular cloning and virus preparation 

AscI, SpeI, NotI were inserted upstream of ClaI site to create a modified RIA vector. H2B-

YFP (#96893), H2B-RFP (#92398), Mito-CFP (#36208), Membrane-YFP (#56558), 

Utrophin-Scarlet (#26739)16, H2B-CFP (#25998), Emeos (#73792) encoding plasmids 

were obtained from Addgene. For retroviral lineage analysis, H2B-YFP, H2B-RFP, Mito-

CFP, Membrane-YFP, Utrophin-Scarlet, H2B-CFP were inserted between Not1 and Cla1 

sites. To create photoconvertible construct, Emeos protein linked with H2B was inserted 

in between AscI and SpeI; YFP-Utrophin was inserted between Not1 and Cla1. For 

molecular perturbations, DN-FGFR1 (#80431), CXCR4 (#98967) and RET (#23906) 

plasmids were obtained from Addgene. Truncated FGFR1 and CXCR4 receptors were 

cloned from these templates and subsequently inserted between Not1 and Cla1 sites in RIA. 

Truncated RET was inserted between Asc1 and Spe1 sites in RIA. Primer sequences are 

displayed in Supplementary Table 1. To produce recombinant RIA virus, plasmids for RIA 
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and ENV-A (a gift from Dr. Connie Cepko) were transfected into chick DF1 cells 

(ATCC, Manassas, VA; #CRL-12203, Lot number 62712171, Certificate of Analysis with 

negative mycoplasma testing available at ATCC website) in 15cm culture dishes. 24 hours 

post-transfection, 12ml of supernatant containing the virus was collected every 12 hours 

for 4 days, kept at -80°C until concentration. For each viral concentration, 48ml of 

supernatant was centrifuged at 75500 g for 1.5 hr. After centrifugation, 20-30 μl of DMEM 

was left in the tube to dissolve the pellet containing RIA. The resulting viral stock has a 

titer of 1 x 107 pfu/ml. Viral stocks were stored in -80°C until injection.  

Multiplex retroviral lineage analysis 

To make the working solution, equal volumes of RIA viral stocks encoding H2B-YFP, 

H2B-RFP, Mito-CFP, H2B-CFP, Membrane-YFP and Utrophin-Scarlet were mixed.  0.3μl 

of 2% food dye (Spectral Colors, Food Blue 002, C.A.S# 3844-45-9) was added into the 

viral mixture as an indicator. ~0.5μl of working solution was injected into the lumen of the 

neural tube adjacent to mid-otic until somite 3 to label cardiac crest, or from mid-otic to 

somite 7 to label the vagal population. For in vivo clonal analysis (n = 35), chick embryos 

were sealed after injection, incubated at 37°C for 2 days, harvested at Hamburger Hamilton 

(HH) Stage 21, screened for specific labeling in the neural crest. A ~500 μm thick 

transverse slice at cardiac (n = 14), posterior vagal (n = 12) or both (n = 9) regions were 

cut. Locations with virally labelled cells were imaged using 20x lens on confocal 

microscope (Zeiss LSM 800). In cardiac clonal analysis, dorsal neural tube, cranial nerve 

nine, pharyngeal arches, and outflow tract were imaged; in posterior vagal clonal analysis, 
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dorsal neural tube, dorsal root ganglia, sympathetic ganglia, and the gut were imaged. 

For cardiac clonal analysis of both cardiac and enteric derivatives, cranial nerve nine, 

pharyngeal arches, and outflow tract from the cardiac slice, as well as the gut from posterior 

vagal slice were imaged. In those posterior vagal slices, the dorsal regions were not 

analyzed because the signal was absent (injection specificity screened based on this 

criterion). For immunohistochemistry (n = 12), embryos were fixed at E7 in 4% PFA in 

PB for 30 mins at 4°C, embedded in O.C.T compound (Sakura #4583) and cryo-sectioned 

(Microm HM550 cryostat).  

Single-cell and stream-specific photoconversion 

Photoconvertible construct encoding H2B-Emeos and YFP-Utrophin was injected into the 

lumen of the neural tube adjacent to where the targeting neural crest emerges. At HH13, a 

transverse slice spanning 2 somites was obtained, immobilized in glass imaging dish. 405 

nm laser was used to selectively convert H2B-Emeos from green to red in one migrating 

cardiac neural crest cell per slice for single-cell photoconversion (n = 11), one migrating 

posterior vagal neural crest cell for single-cell photoconversion (n = 5), or all post-otic 

migrating cardiac crest cells for stream-specific photoconversion (n = 2). Immediately after 

conversion, an image with z-stack spanning the tissue depth above and below the converted 

cell was obtained as a proof of specificity. Slice was then placed back to the incubator at 

38 degree Celsius. 24 hours post incubation, slices were fixed in 4% PFA in PBS for 15 

mins at 4°C, embedded in O.C.T compound (Sakura #4583) and sectioned (Microm 

HM550 cryostat) for cell fate analysis. Photoconverted progenies were identified based on 
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a simultaneous presence of red nuclear and YFP-Utrophin signals. Although blood cells 

can also produce red nuclear-like autofluorescence, these cells were excluded from the 

analysis due to lack of YFP-Utrophin signal at the cortical region (Supplementary Fig4-

1e,f).  

In vivo time-lapse imaging 

In HH9 embryos, cardiac neural crest from the mid-otic placode to somite 3, or vagal neural 

crest from mid-otic placode to somite 7 were labelled with ~0.5μl of viruses described 

above. Embryos were harvested 22 hours post injection (HH13), sliced, and cultured in 

neurobasal media (GIBCO #12349-015). Transverse view was imaged for cell division 

tracking for migrating cardiac (n = 2) and posterior vagal (n = 1) neural crest cells; lateral 

view was imaged for cell migration along the gut (n = 2).  

Retrovirally-mediated molecular perturbations  

RIA-H2BEmeos-DNFgfr1 (n = 11), H2BEmeos-DNCxcr4 (n = 4) or DNRet-H2BEmeos 

(n = 10, 8/10 injected with H2B-RFP control) were supplemented with 0.3μl of 2% food 

dye (Spectral Colors, Food Blue 002, C.A.S# 3844-45-9) to make the working solution. 

~0.5μl of working solution with a titer of ~106 particles per mL was injected into the lumen 

of the neural tube posterior to mid-otic to somite 3 (S1-S3 in brief) to infect cardiac neural 

crest, or from mid-otic to somite 7 (S1-S7 in brief) to infect vagal neural crest. Embryos 

were sealed with surgical tape, continues to incubate at 37°C until E3 or E7 for analysis. 
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H2BEmeos was used as a cell marker instead of a photoconvertible protein in these 

experiments. 

Immunohistochemistry 

O.C.T. compound was removed by incubating the frozen section for 3mins in 1xPBS at 

room temperature. Tissue sections were then permeabilized with 0.3% vol/vol Triton-

X100in 1xPBS. Blocking buffer was prepared with 1xPBS, 5% vol/vol normal donkey 

serum, 0.3% vol/vol Triton-X100. Sections were incubated with primary antibody at 4°C 

overnight (primary antibodies used: 1:500 Mouse anti-smooth muscle actin IgG2a, Sigma-

Cat#A2547, clone 1A4 monoclonal; 1:500 Mouse anti-HuC/D IgG2b, Invitrogen-

Cat#A21271, clone 16A11 monoclonal; 1:500 Mouse anti-TuJ1 IgG2a, Biolegend-Cat# 

801201, clone TUJ1 monoclonal;  1:500 Rabbit anti-Tyrosine Hydroxylase (TH), 

Millipore-Cat# AB152, polyclonal; 1:10 8-IE7 (monoclonal mouse anti-GFAP IgG1), 

DSHB, 1:10 3H5 (monoclonal mouse anti-HNK1 IgM), DSHB, 1:10 PAX7 (monoclonal 

mouse anti-Pax7 IgG1), DSHB, 1:10 IE8 (monoclonal mouse anti-P0 IgG1), DSHB. After 

primary antibody incubation, sections were washed for 3 times (each 15 mins) in 1xPBS, 

and incubated with secondary antibody for 45mins at room temperature (secondary 

antibodies used: 1:1000 goat anti-mouse IgG2a 633, #A21136 (polyclonal), 1:1000 goat 

anti-mouse IgG1 647, #A21240 (polyclonal), 1:1000 goat anti-mouse IgG2b 647, #A21146  

(polyclonal), 1:1000 goat anti-mouse IgM 647, #A21238 (polyclonal), 1:1000 donkey anti-

rabbit 647, #A31573 (polyclonal), Invitrogen Molecular Probes). Immunostained tissue 
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was imaged using a Zeiss AxioImager.M2 with Apotome.2 or Zeiss LSM 800 confocal 

microscope.  

Statistics and reproducibility 

For multiplexed retroviral clonal analysis, slice cultures were generated in biological 

replicates of 14, 12, or 9, respectively, at cardiac, posterior vagal, or both regions. Because 

correct targeting is a prerequisite for slice culture, all 23 cardiac slices were processed as 

indicated in Fig1d (23/23 slices) and migration pattern analyzed as in Supplementary Fig4-

1b. Fig4-1e-h, Fig4-3d-g, Fig4-3l-o are examples of a triply labelled clone with derivatives 

found in multiple locations at the cardiac, posterior vagal, and both levels. Because viral 

infection of progenitor cells is random, each clone represents an independent event. 

Therefore, we provide individual data points for each clone observed (Supplementary Data 

4-1) as well as distribution of clone types among replicates (Fig4-1i, Fig4-3c). Because the 

probably of triple infection are rare, antibody dilutions were first tested on uninfected 

embryos. Immunohistochemistry was performed in individual embryos (n = 12 replicates) 

where a triple labelled clone (H2B-YFP, H2B-RFP, Mito-CFP) was observed in cranial 

nerve nine (CN-IX), the enteric nervous system (ENS), pharyngeal arch arteries (PAA), 

outflow tract (OFT), and sympathetic chain (SYM) (Fig4-1j-k, Supplementary Fig4-2a-k). 

Note that Fig4-1j-k, Supplementary Fig4-2a-k are not the same clone. A triple labelled 

clone with broad distribution as shown in Fig4-1e-h, Fig4-3d-g, Fig4-3l-o, Supplementary 

Fig4-2a-k is relatively rare (Fig4-1i, Fig4-3c). For clonal analysis via photoconversion, we 

performed single-cell photoconversion with n = 11 replicates on cardiac neural crest, n = 5 
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replicates on posterior vagal neural crest cell and n = 2 replicates on all post-otic 

migrating cardiac crest cells for stream-specific photoconversion. In all 11 cardiac single 

cell photoconversion experiments, the converted cells were similar to the one in Fig4-2b 

(represents 11/11). All slices were subsequently processed for antibody staining to obtain 

Fig4-2c, d, e. Because behavior of each photoconverted progenitor cell is independent from 

other cells, we recorded locations of each clone as a distribution shown in Supplementary 

Fig4-1g. Note that 8/11 clones are located in more than one derivative. Fig4-2d represents 

7/11 clones, while Fig4-2e represents a rare case (1/11) because the outflow tract tends to 

have lower numbers of neural crest-derived cells. Supplementary Fig4-1e, f shows 

converted signal and autofluorescence from blood cells, representative of all 18 

experiments. For single posterior vagal neural crest photoconversion, similar results were 

observed in 5/5 experiments as shown in Fig4-3h; Fig4-3i-j (one of the sister cell after cell 

division migrated into the gut) occurred in 2/5 experiments. Results for stream-specific 

photoconversion shown in Fig4-3q-r, Supplementary Fig4-2l were observed in 2/2 

experiments. Immunohistochemistry for premigratory Pax7+ cells was performed in n=3 

embryos, with all displaying similar patterns as shown in Supplementary Fig4-1c. Fig4-4a, 

4g (same as Supplementary Fig4-3a, 3b) include representative images from 5 evenly 

distributed timepoints over Supplementary Movie 4-1, 4-2 as an overview of cell 

migration. Molecular perturbation was performed with n = 11 replicates for DN-Fgfr1, n = 

4 replicates for DN-Cxcr4 and n = 10 replicates for DN-Ret (8/10 injected with H2B-RFP 

control). The numbers for representative images in Fig4-5b-v are presented in the figure 

legend. 
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Imaging data analysis 

Pax7+ and DAPI+ cells were quantified using Manual Cell Counting in FIJI v1.0 software. 

Cell numbers after CXCR4 and RET disruption were quantified using Manual Cell 

Counting with FIJI v1.0 software. For each embryo, two to three randomly selected 

transverse sections were quantified. To analyze the role of DN-Cxcr4 in cell migration to 

the enteric nervous system, numbers of labeled cells were counted in images of the foregut 

and cranial nerve nine. The average cell number in the foregut was normalized to cell 

number in the cranial nerve, to account for titer variation between experiments. The 

resulting ratio was compared between DN-Cxcr4 and control virus injected group. For the 

role of RET signaling during cardiac neural crest migration into the foregut, the numbers 

of DN-Ret-expressing and control virus-expressing cells in the foregut were normalized to 

their counterparts in the pharyngeal junction (anterior to the foregut). Dynamic imaging 

data was exported from ZEN (blue edition) software and processed using IMARIS 9.1.0 

software. In each timeframe, the center of a cell was identified according to the position of 

its nucleus. Position information was connected to reconstitute cell trajectory, with the x, 

y, z coordinates in each frame extracted for further analysis. The squared displacement 

(SD) analysis was conducted using mean square displacement analysis of particles 

trajectories package in MATLAB R2017a. The SD curves were fitted to a power function 

f(x)=b*x^α + c. α ≈ 1 implies free diffusion, α < 1 implies constrained movement, while α 

> 1 implies directed movement. Plots of initial coordinates against displacement distances 

were generated using MATLAB R2017a. Box-and-dot plots were generated using ggplot2 
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package in R. Two-sided Wilcoxon rank-sum test was used for statistical comparison 

between two groups.  
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C h a p t e r  V  

                                            CONCLUSIONS 

In developmental biology, fate mapping has played an essential role to understand how a 

fertilized egg divides and differentiates to give rise to diverse yet highly coordinated cell 

types in an organism. Population and clonal level lineage analysis has contributed to many 

discoveries about the neural crest in vertebrate embryos.  

In this work, we introduced a new tool utilizing Replication Incompetent Avian retroviruses 

(RIAs) to perform population and clonal level lineage analysis. We first validated the method 

by examining subcellular localization of the fluorescent proteins and rate of co-infection in 

vitro. Next, we applied the RIAs into chick trunk neural crest to demonstrate cell 

multipotency. At a population level, we performed lineage tracing using a single RIA and 

showed that cardiac neural crest cells contribute to the myocardium in chick and mouse. 

Applying multicolor RIAs at a clonal level, we identified individual vagal neural crest cells 

can give rise to cell types in both the heart and the gut, suggesting that premigratory vagal 

neural crest cells are multipotent. We further utilized the RIAs to conduct single-cell 

photoconversion assay which allows for anterograde tracing and confirmed that migrating 

neural crest cells retain multipotency, with stochastic post-mitotic migration behavior driving 

sister cells into distinct directions. Finally, we performed RIA-mediated molecular 

perturbation to show that CXCR4 and RET are essential guidance cues for neural crest cells 

in the pharyngeal junction to enter the cardiac and enteric region, respectively. Together, our 

results expanded the lineage tracing toolset in avian embryos utilizing the RIA viruses, 
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enriched our current understanding regarding neural crest developmental potential, cell 

fates, and behavior of individual migratory cells, and can be further adapted to explore the 

transcriptome and chromatin landscape on population and clonal levels. 

 

 

 

 




