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Abstract 

Arising within the neural tube between the cranial and trunk regions of the body axis, the 

vagal neural crest shares interesting similarities in its migratory routes and derivatives with 

other neural crest populations. However, the vagal neural crest is also unique in its ability 

to contribute to diverse organs including the heart and enteric nervous system. This review 

highlights the migratory routes of the vagal neural crest and compares them across 

multiple vertebrates. We also summarize recent advances in understanding vagal neural 

crest ontogeny and discuss the contribution of this important neural crest population to the 

cardiovascular system and endoderm-derived organs, including the thymus, lungs and 

pancreas. 
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1. Introduction 

The neural crest is a transient embryonic population of multipotent stem cells 

unique to vertebrates. Arising within the dorsal neural tube along nearly the entire anterior-

posterior axis of the embryo, neural crest cells undergo an epithelial-to-mesenchymal 

transition (EMT) to delaminate and embark upon distinct migratory routes toward their final 

destinations throughout the embryo (Gandhi and Bronner, 2018; Green et al., 2015; Martik 

and Bronner, 2017). During their migration, neural crest cells encounter extrinsic 

positional, patterning, and guidance cues that, together with intrinsic factors, contribute to 

their final fate decisions. Upon differentiation, they give rise to various types of specialized 

tissues, including craniofacial cartilage and bone, peripheral neurons and glia, pigment 

cells, and dental tissues, among other derivatives. Due to their remarkable multipotency 

and migratory ability, they have been extensively used as a model to better understand the 

process of EMT, cell migration and differentiation, and this knowledge has informed upon 

the etiology of neural crest derived birth defects and cancers.  

During their migration, neural crest cells typically choose one of two major pathways 

after exiting the neural tube, migrating either dorsolaterally or ventrally (Harris and 

Erickson, 2007; Kulesa et al., 2010; Kuo and Erickson, 2010; Le Douarin and Kalcheim, 

1999; Vega-Lopez et al., 2017). The majority of neural crest cells in the head, as well as 

late-migrating neural crest cells at spinal cord levels (destined to form melanocytes), take 

a dorsolateral pathway migrating between the overlying dorsal ectoderm and the 

underlying ventral mesoderm (Baker et al., 1997; Serbedzija et al., 1989). In contrast, 

neural crest cells that form more ventral derivatives (e.g. sympathetic and sensory ganglia, 

chromaffin cells of the adrenal medulla) predominantly migrate ventrally, either between 
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the neural tube and somites, through the anterior sclerotome, or between adjacent somites 

(Bronner-Fraser, 1986; Serbedzija et al., 1990; Teillet et al., 1987). 

Although all neural crest cells have in common migratory ability and shared gene 

expression patterns, not all neural crest populations are the same. Based on the elegant 

quail-chick transplantation experiments of Le Douarin (1982) and colleagues, the neural 

crest can be subdivided along the anterior-posterior body axis into four subpopulations that 

differ in migration patterns and derivatives (Fig.1). From anterior to posterior, these are 

referred to as cranial, vagal, trunk, and sacral. These subpopulations arise sequentially as 

the embryo elongates along the anterior-posterior axis in time and space. The boundaries 

between these subpopulations have been best characterized in the chicken embryo using 

quail-chick grafts. The cranial neural crest originates from the neural tube anterior to the 

otic vesicle; the vagal neural crest emerges from the hindbrain region adjacent to somites 

1-7; trunk neural crest arises from the neural tube adjacent to somites 8-27 (Fig.1A, B), 

while sacral neural crest arises posterior to somite 28 (Fig.1B). In chick and mouse, the 

vagal neural crest has been further divided into ‘cardiac’ (somites 1-3 and 1-4, 

respectively) and ‘enteric’ (somites 1-7) subdivisions (Fig.1B). 

While the boundaries between neural crest subpopulations appear to be 

approximately similar across vertebrates, there is some variation between species and 

increased complexity arising during the course of vertebrate evolution. In the frog, 

Xenopus laevis, vagal neural crest arise from somite 1 to somite 4 (Fig. 1C) (Epperlein et 

al., 1990; Krotoski et al., 1988; Lee and Saint-Jeannet, 2011; Sadaghiani and Thiebaud, 

1987). In zebrafish, the vagal neural crest spans from immediately rostral to the otic 

vesicle to caudal to somite 6 (Sato and Yost, 2003) (Fig.1D), while the trunk neural crest 
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region extends caudally from somite 6 (Raible et al., 1992; Vaglia and Hall, 2000). 

Moreover, a sacral neural crest population may not exist in zebrafish (Shepherd and 

Eisen, 2011). Similarly, the basal jawless vertebrate, lamprey, appears to entirely lack a 

vagal neural crest population (Green et al., 2017).  

As a transition between the head and the trunk, the vagal neural crest gives rise to a 

rich variety of specialized tissue and cell types throughout the body. The vagal neural crest 

is the forerunner of structures such as the enteric nervous system (ENS), aspects of the 

cardiovascular system (Fig. 2) and other fundamental organ systems, such as the thymus 

and lung (Fig. 3). Much of what is known about the vagal neural crest has focused on 

formation of the ENS, about which there are many excellent recent reviews (Ganz, 2018; 

Nagy and Goldstein, 2017; Young et al., 2016). For this reason, here we focus on studies 

of vagal neural crest migration and contributions to less well-studied derivatives, with 

special emphasis on its early migratory routes, and diversification of vagal neural crest into 

cells of the thymus, cardiac tissues, and the lung and pancreas ganglia (Table 1). We also 

highlight recent advances in understanding the cellular and molecular mechanisms that 

regulate early vagal neural crest formation. 

 

2. Early vagal neural crest migration 

 

2.1. Vagal neural crest migratory routes in amniotes  

 The first descriptions of vagal neural crest migration and their importance for 

development of specific tissues were performed in amniote embryos, such as chicken and 

mice. Neural tube ablation experiments in chick embryos suggested that the neural crest 
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arising from axial levels adjacent to somite levels 1-7 were the embryological source of 

enteric ganglia (Yntema and Hammond, 1945). Using interspecies quail-chick grafts, Le 

Douarin and colleagues then definitively demonstrated that neural crest cells emerging 

from the vagal region give rise to the enteric ganglia of the gut (Le Douarin and Teillet, 

1973). Further anatomical evidence for the contribution of the vagal neural crest to the 

ENS came from antibody stainings that followed the progression over time of neural crest 

cells from the vagal region in chick (Tucker et al., 1986). Pachnis and colleagues 

subsequently extended this work to mouse; by labeling the neural tube with DiI to follow 

vagal neural crest lineages at E8.5 in mouse embryos, they showed that post-otic vagal 

neural crest arising adjacent to somite levels 1-4 give rise to both enteric ganglia and the 

anterior most sympathetic ganglia, the superior cervical ganglion (Durbec et al., 1996).  

Precise neural tube ablations and transplantation experiments further described the 

regions from which ENS precursors arise in chick (Burns et al., 2000; Peters-van der 

Sanden et al., 1993), expanding our understanding of the importance of the vagal neural 

crest. Notably, neural crest arising from the anterior or posterior boundaries of the vagal 

region (i.e. somites 1-2 or somites 6-7) exhibited restricted contributions to the ENS of the 

gut, with derivatives only observed in the foregut or hindgut, respectively. In contrast,  

neural crest-derived from somite level 3-5 were observed at all levels of the gut (Burns et 

al., 2000). This observation has been corroborated using focal electroporation experiments 

where labeled neural crest cells of rostral origin colonized the rostral portions of the gut, 

while cells of more caudal origins migrated to caudal regions (Kuo and Erickson, 2011).  

Accordingly, selective loss of precise somite-level vagal regions (ex: 1-2, 3-5) leads to 

varying deficits in gut colonization, while total ablation of the vagal region— which leads to 
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striking loss of enteric neurons in the gut— can be rescued by transplanting neural crest 

back from somite 3 into the neural tube, but not by crest from somite level 1 (Barlow et al., 

2008). Interestingly, this suggests that neural crest cells from somite level 3 possess an 

intrinsic proliferative and/or migratory advantage over neural crest from somite level 1. 

While early studies focused on evaluation of en masse neural crest migration from 

the vagal region, recent studies have provided clues regarding the particular paths 

undertaken by vagal neural crest cells in the early embryo. For example, precise GFP 

labeling via targeted electroporations in chicken embryos has shown that vagal neural 

crest originating from somite levels 1-4 commence migration towards and contribute to 

tissues in the heart and the ENS, while those arising from somite levels 4-7 contribute only 

to the ENS (Kuo and Erickson, 2011). At chicken stage HH10 (~E1.5), vagal crest from 

somite levels 1-4 follow a “dorsolateral” pathway of migration between the ectoderm and 

somites and migrate into the heart. By stage HH13 (~E2), a subpopulation of vagal neural 

crest from somite levels 1-3 switch to a “ventral” path and, like neural crest from somite 

levels 5-7, follow the ventral pathway between the neural tube and dermomyotome, 

eventually giving rise to sensory ganglia, sympathetic ganglia and/or enteric ganglia. At 

stage HH21 (~E3.5), a final wave of migrating vagal neural crest cells take a dorsolateral 

route and primarily give rise to melanocytes (pigment cells) of the skin (Kuo and Erickson, 

2011; Reedy et al., 1998). Though the core migration pathways are largely similar to chick, 

the dorsolateral and ventral migration occurs simultaneously in mouse, reflecting species-

specific differences in timing and pathways of migration at the vagal level (Anderson et al., 

2006; Chan et al., 2004). 
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Although the studies mentioned above have provided much information regarding 

vagal neural crest cell lineages, a more recent study further extends our understanding of 

early vagal neural crest cell development to reveal novel migratory routes. Espinosa-

Medina and colleagues show that subpopulations of vagal neural crest cells partition along 

distinct migratory routes to give rise to parasympathetic ganglia, enteric ganglia, or the 

superior cervical ganglion in both chick and mouse (Espinosa-Medina et al., 2017). 

Notably, they show that the most rostral vagal neural crest (from somites 1-2) migrates 

along the vagus nerve in mouse embryos to invade the foregut. Collectively, Espinosa-

Medina et al. describe fine sub-populations of “vagal” neural crest.  First, there is a rostral 

circumpharyngeal neural crest population ranging from pre-otic level to somite levels 1-2, 

which migrates into the heart and 3rd branchial arch, or migrates as Schwann cell 

precursors along the vagus and give rise to the “parasympatho-enteric” lineage of cells 

(i.e. the parasympathetic and foregut enteric ganglia). Second, a cervical neural crest 

population from somite levels 3-7, gives rise to the “sympatho-enteric” lineage (i.e. the 

sympathetic ganglia and the majority of the ENS) (Espinosa-Medina et al., 2017). 

The recent lineage tracing studies by Kuo and Erickson (2011) and Espinosa-

Medina et al. (2017) provide somewhat conflicting reports regarding the somite levels that 

contribute to portions of the ENS and sympathetic chain in chick. Kuo and Erickson, using 

focal electroporation of fluorescent constructs, found that vagal neural crest from somites 

1-2 reached only the more rostral level of the gut by ~E3.5, where the foregut splits into 

the esophagus and trachea/future lung buds, as well contributing to the sympathetic 

ganglia (Kuo and Erickson, 2011). In contrast, Espinosa-Medina and colleagues, using 

GFP isotopic grafts, found neural crest derived from the same axial level (somites 1-2) 
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entered not only the esophagus, but also the stomach, with a few cells observed as distally 

as the colon by E7. Moreover, they did not observe contribution to the sympathetic chain 

(Espinosa-Medina et al., 2017). This discrepancy may be attributed to the different lengths 

of time embryos were allowed to develop between the two studies (E3.5 vs. E7), given that 

the fluorescence tracing from the focal electroporation technique employed by Kuo and 

Erickson is transient, and likely would not persist through the day E7 time point observed 

by Espinosa-Medina et al. Alternatively, whereas grafts contain many more labeled cells, 

the focal electroporations may only target subsets of cells at a given axial level, and thus, it 

is possible that the latter technique may not label enough cells to identify all derivatives 

and endpoints of migration. However, the precise and limited labeling of the focal 

electroporation experiments was able to elegantly demonstrate the timing of vagal neural 

crest pathway choice (i.e. dorsolateral versus ventral) and biological implications of 

migration pathway (i.e. heart versus gut derivatives). 

 

2.2. Vagal neural crest migratory routes in anamniotes  

In Xenopus laevis, vagal neural crest cells arise from the neural tube caudal to the 

otic vesicle (Fig.1C) (Epperlein et al., 1990; Krotoski et al., 1988; Sadaghiani and 

Thiebaud, 1987). Using orthotopic unilateral grafts and scanning electron microscopy, 

Sadaghiani and Thiebaud showed that vagal neural crest cells reside along the posterior 

hindbrain and anterior spinal cord, up to somite levels 1 and 2. Cells labeled from this 

region begin migration between the somites and neural tube around stage 25 and 

eventually migrate via a route through the “dorsal root fibers and the body of the vagus 

ganglion complex” by stage 40 (Sadaghiani and Thiebaud, 1987), suggesting that vagal 
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neural crest cells migrate along the vagus nerve. Subsequently, the vagal neural crest 

cells migrate in the mesenchyme around the pronephric tubules and towards the ventral 

midline in order to invade the developing gut, later becoming enteric ganglia (Epperlein et 

al., 1990; Krotoski et al., 1988; Sadaghiani and Thiebaud, 1987).  

In zebrafish, while we do not fully understand early migratory paths of vagal neural 

crest in as great detail as in the chick or mouse, lineage analysis for vagal/trunk neural 

crest cells during early stages of neural crest migration has provided some important clues 

into vagal neural crest migratory paths.  A study by Vaglia and Hall has shown by precise 

DiI labeling that sub-populations of trunk neural crest, which the authors call “cardiac 

trunk”, “anterior trunk” and “posterior trunk”, differentially contribute to various structures in 

the zebrafish embryo; including pigment cells, enteric ganglia, ectomesenchyme of the 

aorta, dorsal root and sympathetic ganglia. “Cardiac trunk” neural crest encompass those 

arising adjacent to somites 1 to 3/5, while “anterior trunk” was defined as those from 

somites 6-8 and posterior trunk those born caudal to somite 8. Specifically, they noted that 

neural crest labeled from anterior trunk and posterior trunk levels contributed to enteric 

ganglia (Vaglia and Hall, 2000). In further support of the anterior-posterior boundary of 

vagal neural crest in zebrafish, neural crest that contribute to the zebrafish heart tissues 

originate from neural tube regions rostral to the otic vesicle and as far caudal as somite 6 

(Fig.1D) (Li et al., 2003; Sato and Yost, 2003). Interestingly, these DiI lineage-tracing 

experiments during early zebrafish neural crest development suggest that neural crest 

born from somite levels 1-7 are broadly capable of giving rise to enteric ganglia and 

contributing to tissues in the heart.  
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Regardless of the details of early migratory pathways, it is clear that post-otic vagal 

neural crest cells give rise to neurons of the zebrafish ENS. By 32 hpf, enteric-fated vagal 

neural crest cells reside ventrally in a cluster immediately posterior to the left and right otic 

vesicles (Ganz et al., 2016; Shepherd and Eisen, 2011; Shepherd et al., 2004). 

Furthermore, visualization with broad neural crest gene markers like crestin, sox10, foxd3, 

tfap2a, and enteric progenitor markers phox2bb, ret and gfra1a/b label vagal neural crest 

en route to the gut (Barrallo-Gimeno et al., 2004; Knight et al., 2003; Luo et al., 2001; 

Shepherd et al., 2004; Stewart et al., 2006). These studies show that zebrafish vagal 

neural crest cells migrate medially from post-otic vagal domains toward the foregut 

entrance as two chains and migrate caudally along the left and right sides of the gut tube 

to fully colonize the hindgut by the third day of development (Dutton et al., 2001; Elworthy 

et al., 2005; Kelsh and Eisen, 2000; Olden et al., 2008; Shepherd and Eisen, 2011; 

Shepherd et al., 2001; Uribe and Bronner, 2015). It is not yet known if the post-otic vagal 

population of neural crest cells gives rise to tissues other than the ENS in zebrafish. 

Nonetheless, in situ hybridization suggests that a sub-population of phox2bb+ vagal neural 

crest cells localize near the dorsal aorta to become sympathoadrenal (SA) precursors of 

the superior cervical ganglion (Elworthy et al., 2005; Pei et al., 2013). It remains to be 

shown to what extent this subpopulation of vagal neural crest is similar to the “sympatho-

enteric” neural crest that have been described in mouse and chick (Durbec et al., 1996; 

Espinosa-Medina et al., 2017).   

 Elaborating upon classical observations of the contributions arising from the vagal 

neural crest (Kuntz, 1910; Le Douarin and Teillet, 1973; Yntema and Hammond, 1954), 

recent studies have sought to more fully characterize tissues with vagal neural crest 
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contributions, as well as refine the specific axial-levels from which they arise. In the 

following sections, we describe several major tissues to which the vagal neural crest 

contributes and their specific axial levels of origin: Thymus, Cardiovascular, Lung, and 

Pancreas. For further information regarding contributions of the vagal neural crest to the 

enteric nervous system of the gut, please see recent comprehensive reviews (Ganz, 2018; 

Nagy and Goldstein, 2017; Young et al., 2016). 

  

3. Vagal neural crest contributions to the thymus 

As an integral part of the immune system, the thymus is a lymphoid organ that 

primarily produces T-cells (Hollander and Peterson, 2009). The thymus forms as a 

diverticulum emanating from the endoderm of the 3rd and 4th pharyngeal pouches. By E5 in 

the chick, the thymic pouch becomes distinct and elongates along the jugular vein, by 

which time mesenchymal cells have surrounded and infiltrated it, fostering subsequent 

morphological development into a lobular structure (Le Douarin and Jotereau, 1975). Soon 

thereafter, lymphocyte progenitor cells migrate into the developing thymic mesenchyme in 

response to micro-environmental signals and undergo final maturation. Establishment of 

blood vessels enables immune cell entry to and exit from the thymus (Hollander and 

Peterson, 2009). In addition to immune cells, the mature thymus contains various 

specialized cells that support lymphoid cell development including connective 

mesenchyme, stromal cells, epithelial cells, blood vessels and pericytes (Muller et al., 

2008).   

Cell lineage analysis and ablation experiments support the idea that vagal neural 

crest cells contribute to the thymus and the neck glands in chick. Lievre and Le Douarin 
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(1975) performed quail-chick grafting experiments to show that neural crest from post-otic 

to somite 5 levels were broadly able to contribute to mesenchyme of the glands in the 

neck, including the lingual gland in the tongue, and the pharynx glands consisting of the 

thymus, thyroid and parathyroid. In particular, they observed that the medulla of the thymic 

lobes, the parafollicular cells of the thyroid, pericytes surrounding the capillaries and 

connective tissue of the parathyroid glandular cells all are derived from vagal neural crest 

cells. A decade later, a series of studies provided further evidence of neural crest 

contribution and importance to the thymus. Bockman and Kirby (1984) observed that 

neural crest ablation from mid-otic to somite 5 levels drastically reduced the size of thymic 

tissue, thyroid and parathyroid glands, in addition to producing heart defects. Later, 

Kuratani and Bockman (1990) performed more precise ablations in chick, confined from 

mid-otic to somite 3 levels, to show that this precise axial level origin of neural crest was 

important for thymic development. Subsequently, they used quail-chick chimera to show 

that quail donor neural crest cells from somite 3 contributed to the thymus, as did neural 

crest near the hyoid and mesencephalic regions (pre-otic to somite 3) levels (Kuratani and 

Bockman, 1990, 1991).  

  Genetic lineage labeling in mice revealed a similar contribution of vagal neural 

crest cells to thymic tissue (Foster et al., 2008; Muller et al., 2008). Using Wnt1:Cre and 

Sox10:Cre lines to follow the fate of YFP+ neural crest cells throughout development, 

Foster and colleagues discovered that neural crest cells migrated into the thymic primordia 

at E12.5 and remained there throughout the gestational period, finally maturing in the adult 

(Foster et al., 2008). Of interest, they noted that thymic-resident YFP+ cells gave rise to 

pericytes and smooth muscle cells of the support tissue surrounding the thymic blood 
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vessels, corroborating previous lineage studies in chick (Le Lievre and Le Douarin, 1975). 

Similarly, Muller and colleagues mapped the distribution of neural crest cells in the adult 

thymus using Sox10:Cre mice and found that the mesenchyme and pericytes that wrap 

blood vessels are neural crest-derived (Muller et al., 2008).  

Characterizing thymic neural crest in Xenopus provided interesting insight, as 

Xenopus is a well described model of immune development (Pasquier et al., 1989; Robert 

and Cohen, 2011; Robert and Ohta, 2009). In Lee et al.’s (2013) study, RFP-labeled 

cardiac/vagal neural crest regions were carefully transplanted at stage 17 to unlabeled 

embryos of the same stage. Consistent with previous findings, they found that RFP+ vagal 

neural crest cells migrated and infiltrated the 2nd, 3rd, and 4th pharyngeal arches. By stages 

41-47, labeled neural crest cells incorporated into the mesenchyme encompassing the 

thymic primordium (Lee and Saint-Jeannet, 2011; Lee et al., 2013; Manning and Horton, 

1969). Interestingly, however, Lee et al.(2013) found that the labeled neural crest cells that 

contribute to the thymus do not express Hoxa3, which is expressed in the 3rd and 4th 

pharyngeal arches. This result implies that the thymic primordium in Xenopus originates 

from the 2nd pharyngeal arch, as opposed to the 3rd and 4th pharyngeal arches as in mouse 

and chick (Lee et al., 2013). Further, neural crest ablation experiments revealed that the 

Xenopus thymus was still specified and capable of T-cell maturation in the absence of 

neural crest cells. These results appear to be at odds with findings from mouse and chick; 

while neural crest cells appear to be essential for murine and avian thymic development, 

they are expendable to the Xenopus thymus. These findings suggest a differential role 

between Xenopus neural crest and other vertebrate models in thymus development and 

highlight the need for further investigation. 
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4. Vagal neural crest contributions to the cardiovascular tissue 

 

4.1. Cardiac neural crest in amniotes 

 The cardiac subpopulation of the vagal neural crest contributes to multiple 

derivatives in the cardiovascular system, including the aorticopulmonary septum, the 

smooth muscle of the aortic arch arteries, and the cardiac ganglion (Bergwerff et al., 1998; 

Kirby et al., 1983; Kirby and Stewart, 1983). Following initial observations that neural crest 

arising from the vagal level populated the cardiac ganglion (Yntema and Hammond, 1947) 

and arterial walls from the 3rd, 4th, and 6th aortic arches (Le Lievre and Le Douarin, 1975), 

studies have focused on determining the axial level of origin and timing of the neural crest 

contribution to the cardiovascular system. Narrowly targeted extirpation experiments 

in chick established regionalization of the vagal neural crest, such that neural crest from 

somites 1-3 constituted an anterior portion of vagal neural crest that was responsible for 

generating the cardiac ganglion, whereas the more caudal portion from somites 4-7 

migrated to the enteric ganglia (Kirby and Stewart, 1983). Closer examination of the heart 

following neural fold ablation between somites 1-3 uncovered septation defects, indicating 

that neural crest from this rostral vagal population form the aorticopulmonary septum 

within the cardiac outflow tract, earning the designation “cardiac” neural crest (Kirby et al., 

1983; Kirby et al., 1985). Additional efforts to more clearly delineate the axial level of origin 

of the cardiac neural crest in chick revealed a more rostral contribution including the neural 

tube adjacent to the otic placode (Kirby et al., 1993; Nishibatake et al., 1987; Phillips et al., 

1987). Subsequently, much attention was paid to describing the initial migration of the 
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cardiac neural crest to the circumpharyngeal ridge, their ensuing routes to the aortic arch 

arteries and cardiac outflow tract, and the myriad of factors participating in these migratory 

events [for a comprehensive review, please see (Kirby and Hutson, 2010).  

 Recent evidence suggests that migration of the vagal neural crest population 

shares features of both cranial and trunk neural crest migration in terms of pathway 

choice. The cardiac region of neural crest, in particular, is able to enter both the 

dorsolateral and ventral pathways, depending on the time at which migration initiates. 

Lineage tracing via electroporation approaches to fluorescently label the vagal neural crest 

in chick found that cardiac neural crest cells initially exit the neural tube and enter the 

dorsolateral pathway (Kuo and Erickson, 2011), similar to the cranial neural crest. Based 

on analysis of cross sections through embryos, cardiac neural crest cells migrated 

dorsolaterally into pharyngeal arches 3, 4, and 6 (Fig. 2), and ultimately entered the 

outflow tract of the heart. This is consistent with prior work in chick using HNK-1 

immunolabeling of migratory neural crest, showing that cardiac neural crest arising from 

post-otic to somite 3 level preferentially entered the dorsolateral pathway (Kuratani and 

Kirby, 1991). 

 Given that genetic perturbations in mouse produced many of the same 

abnormalities as those observed after cardiac neural crest extirpation experiments in birds 

(e.g. defects in aortic arch arteries, cardiac outflow tract) (Franz, 1989; Kurihara et al., 

1995), it has been generally assumed that cardiac neural crest cells among amniotes 

share similar origins and derivatives. However, genetic lineage tracing experiments using 

Wnt1-Cre transgenic mice found that, while the mouse cardiac neural crest populated the 

outflow tract and arch arteries similar to chick, there was an additional observed 
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contribution to the coronary arteries (Jiang et al., 2000). Further, there may be key 

differences between chick and mouse.  First, focal cell lineage labeling in mouse embryos 

suggests that the murine cardiac neural crest arises between somites 1 through 4, without 

a more rostral contribution (Chan et al., 2004); in contrast, the chick cardiac neural crest 

region encompasses the level of the otic placode through the caudal limit of somite 3 

(Kirby et al., 1993; Nishibatake et al., 1987; Phillips et al., 1987). Second, mouse cardiac 

neural crest cells did not appear to “pause” and form a circumpharyngeal crest, as 

described in chick embryos (Kuratani and Kirby, 1991). Finally, whereas chick cardiac 

neural crest predominantly migrates dorsolaterally (Kuo and Erickson, 2011; Kuratani and 

Kirby, 1991), mouse cardiac neural crest from somites 1 through 4 simultaneously 

migrated via dorsolateral, medial, and intersomitic pathways. 

The establishment of the caudal limit of somite 3 as the boundary of the cardiac 

neural crest subpopulation in chick is largely based on ablation experiments (Kirby et al., 

1983; Kirby et al., 1993; Kirby and Stewart, 1983; Kirby et al., 1985; Nishibatake et al., 

1987), with corroboration from quail-chick grafting experiments (Phillips et al., 1987). 

Interestingly in chick, Kuo and Erickson (2011) observed neural crest arising from the level 

of somite 4 also entered the dorsolateral pathway and were found at the posterior of 

pharyngeal arch 6. Kuo and Erickson (2011) further noted that, while initial streams of 

vagal neural crest from the “cardiac” axial level entered the dorsolateral pathway, cells 

from the same axial level but exiting the neural tube later began to enter a ventral 

pathway. Interestingly, the cells that entered the ventral pathway ultimately contributed to 

the peripheral nervous system and enteric nervous system. Focal electroporation 

experiments performed at individual somite levels found that the more rostrally-derived 
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cells populated rostral portions of the enteric nervous system (i.e. anterior foregut), 

whereas caudally-derived cells migrated to more distal portions of the developing gut (Kuo 

and Erickson, 2011). This is largely consistent with more recent GFP tissue grafting 

experiments in chick, though only cardiac level neural crest from somites 1 to 2 were found 

to contribute to both the heart structures and the enteric nervous system, whereas neural 

crest from somites 3 to 7 were found only in the ventral pathway, and only in sympathetic 

and enteric derivatives (Espinosa-Medina et al., 2017). 

Despite these subtle differences in migratory behaviors, labeled cells from the 

mouse cardiac neural crest region similarly populated the 3rd, 4th, and 6th pharyngeal 

arches and eventually traversed to the outflow tract, though the major contribution to the 

outflow tract appeared to come from the level of somite 2 (Chan et al., 2004). It should be 

noted, however, that this study thoroughly examined the cardiac neural crest contribution 

from somites 1 through 4, and identified a contribution of vagal neural crest from somite 5 

to the foregut. However, whether or not the level of somites 1-4 also contributed to the 

rostral portion of the gut [as described in chick (Kuo and Erickson, 2011)] has yet to be 

examined. Thus, further studies are needed to examine whether or not mammalian cardiac 

neural crest that enter the medial or intersomitic pathways may likewise contribute to the 

enteric nervous system, depending on pathway choice. 

 

4.2. Cardiac neural crest in anamniotes 

Though vertebrate heart development shares many common features in terms 

of morphogenetic movements, specification of the heart fields, and cardiac marker gene 

expression (Gessert and Kohl, 2009), the overall structure of the heart and accessory 
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tissues varies between amniotes and anamniotes. As such, the cardiac population arises 

from a broader subsection of vagal neural crest and encompasses different derivatives in 

anamniotes, when compared to chick and mammals. In Xenopus, for example, a 

combination of ablation and grafting experiments recently established the cardiac neural 

crest as arising from the level of somites 1-4 and partially overlapping with caudal cranial 

neural crest (comprising the hyoid and branchial streams) (Lee and Saint-Jeannet, 2011). 

Furthermore, the frog heart is three-chambered and contains a single ventricle with 

incomplete septation of the outflow tract by a spiral valve (Kolker et al., 2000). Given the 

lack of an aorticopulmonary septum (which is cardiac neural crest-derived in amniotes), it 

is therefore not surprising that Xenopus cardiac neural crest does not contribute to the 

outflow tract. However, transplantation and lineage tracing experiments revealed cardiac 

neural crest contribution to the aortic arch arteries, as in amniotes, and the aortic sac, 

which lies through the spiral valve across from the outflow tract (Lee and Saint-Jeannet, 

2011; Mohun et al., 2000). The transcription factor Ets1 was found to be important for 

development of the aortic arch arteries in Xenopus, as its perturbation caused defects in 

cardiac neural crest migration leading to arch artery malformation (Nie and Bronner, 2015). 

Interestingly, in humans Ets1 is critically important for cardiovascular development, such 

that deletions in its genomic region (associated with Jacobsen Syndrome) result in 

septation defects (Grossfeld et al., 2004). Similarly, Ets1 knockout mice exhibit similar 

congenital heart defects, thought to arise from defects in cardiac neural crest migration to 

the outflow tract (Gao et al., 2010; Ye et al., 2010). 

 Zebrafish, like Xenopus, have differences in heart structure compared to amniotes, 

and as such, differences in cardiac neural crest origin and derivative contribution. Like 
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other vertebrates, zebrafish mesodermal precursors from the first heart field are specified 

on the left and right sides of the gastrulating embryo, then migrate inward to the midline 

and fuse to form the contractile heart tube. However, the zebrafish heart contains a single 

atrium and ventricle, and, like Xenopus, is not septated (Grant et al., 2017). Lineage 

tracing experiments found neural crest contribution to the heart, with the cardiac 

population arising from the first rhombomere of the hindbrain to the caudal limit of the sixth 

somite (Cavanaugh et al., 2015; Sato and Yost, 2003). The cardiac neural crest cells were 

observed migrating toward specified cardiac precursors, and adopted a myocardial cell 

fate when in proximity to the fused heart tube, becoming contractile cardiomyocytes 

populating the outflow tract. Subsequent targeted chemical ablation of the neural crest 

caused defects in development of the myocardium, both from the loss of neural crest-

derived cardiomyocytes, and loss of cardiac progenitor contribution from the second heart 

field, suggesting that zebrafish cardiac neural crest interact with and/or recruit second 

heart field cells (Cavanaugh et al., 2015). An interaction of cardiac neural crest with the 

second heart field has been similarly described in both chick (Waldo et al., 2005) and 

Xenopus (Nie and Bronner, 2015). Thus, despite differences in regionalization and 

derivatives, useful comparisons can be drawn across species to identify genes important 

for cardiac neural crest migration and development. 

 

5. Vagal neural crest contribution to the lung ganglia 

The respiratory tract, encompassing the trachea and lungs, is endoderm-derived and 

develops as outgrowths of the foregut. During embryogenesis, the lung buds form in the 

ventral wall of the primitive gut tube in a region called the presumptive respiratory field 
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(Motoyama et al., 1998; Ioannides et al., 2002; Sakiyama et al., 2003), which corresponds to 

the tracheal region of the foregut. A number of morphogenetic movements subsequently 

divide the future respiratory tract from the digestive tract to form a pair of primary lung buds, 

which elongate and branch extensively to give rise to the bronchial tree. Airway smooth 

muscle surrounds the epithelial buds and the bronchial tree and contracts to move lung fluid 

within the bronchial tubules during development, which is essential for stimulating further 

prenatal lung growth and myogenesis (Schittny et al., 2000). 

An extensive network of ganglia that arises from vagal neural crest cells is closely 

associated with the airway smooth muscle in a range of species including chick (Burns and 

Delalande, 2005), mouse (Freem et al., 2010) and human (Burns et al., 2008). Vagal neural 

crest cells that have entered the foregut migrate tangentially into the primary lung buds. This 

subset of vagal neural crest subsequently differentiates into neurons and glia to form the 

autonomic airway ganglia in chicken (HH20), mouse (E10.5) and human (E8-10). In addition 

to the intrinsic innervation directly provided by the vagal neural crest, extrinsic pulmonary 

innervation arises from the jugular ganglia and dorsal root ganglia, both of which are 

populated by somatic sensory neurons that are of vagal neural crest origin (Baker, 2005; 

Kwong et al., 2008; Nassenstein et al., 2010; Springall et al., 1987; Yntema, 1944). 

The first experimental demonstrations of vagal neural crest contribution to the 

intrinsic ganglia of the lung came from quail-chick interspecies grafting experiments, which 

determined the associated neurons and glia originated from the vagal neural crest region 

(Burns and Delalande, 2005). These observations were further supported by back 

transplantation of GFP tissues in chick (Freem et al., 2012) and correlated with 

immunohistochemical findings in human fetal lung tissue that contained airway smooth 
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muscle closely associated with an extensive neural network consisting of neurons and glia, 

positive for the neural crest marker, p75 (Burns et al., 2008). These cells were also shown to 

express the neural crest specifier gene Sox10, and receptors RET and EdnrB in chick, while 

the Ret co-receptor, GFR1, is expressed in the mesenchyme and in ganglia in both chick 

and human (Burns and Delalande, 2005; Burns et al., 2008), reminiscent of the gut 

mesenchyme through which enteric neural crest cells migrate. These findings suggest that 

vagal crest cells may use mechanisms to invade the lung buds similar to those of enteric 

precursors migrating into the gut (Burns and Delalande, 2005). 

In mice, lineage-tracking experiments using Wnt1:Cre fluorescent reporter mice have 

confirmed contributions of vagal neural crest into the lung ganglia innervation (Freem et al., 

2010) (Fig. 3, Supplemental Movie S1), similar to observations in chick (Freem et al., 

2012; Freem et al., 2010). YFP-labeled vagal neural crest cells migrated into the mouse 

lung at embryonic day 10.5, and ultimately differentiated into the lung ganglia surrounding 

the bronchi and epithelial tubules. Organotypic cultures from the Wnt1:Cre reporter mice 

also revealed that these YFP-positive cells responded chemoattractively to the RET ligand 

GDNF, suggesting the RET signaling pathway is involved in neural crest pathfinding and 

development in the lung. However, examination of lungs from Ret -/- embryos showed no 

apparent defects in the extent of total lung innervation, though this may be due to 

compensation from extrinsic innervation, which may be RET-independent (Freem et al., 

2010; Langsdorf et al., 2011).  Together, these studies establish a vagal neural crest 

contribution to the lung ganglia across several species. 

 

6. Vagal neural crest contribution to the pancreas ganglia   
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The pancreas plays a vital role in regulation of blood sugar levels via insulin and 

glucagon secretion into the bloodstream and regulates digestion via secretion of digestive 

enzymes into the intestine. Accordingly, it is composed of various types of specialized 

cells—including insulin-producing β-cells, glucagon-producing α-cells, somatostatin-

producing δ-cells, polypeptide-producing cells and ghrelin-producing ε-cells (Gittes, 2009).  

During development, the pancreas anlage form as bud evaginations of the foregut 

endoderm (Gittes, 2009). Ventral and dorsal pancreatic buds sprout along the lateral sides 

of the foregut endoderm into the surrounding mesenchyme, posterior to the entry point of 

neural crest cells into the foregut. In mouse, the sprouted buds first appear around E9.5 

(Wessells and Cohen, 1967), by E11 in rat embryos (Richardson and Spooner, 1977), and 

by E3-E4 (HH18-23) in chick (Patten, 1951). The ventral and dorsal buds subsequently 

fuse into a single primordium.   

The mature pancreas is highly innervated extrinsically by the vagus nerve, 

splanchnic nerve and sympathetic nervous system (Salvioli et al., 2002). While it has been 

known for many years that the pancreas also contains resident ganglia (Fujita, 1959), their 

origin from the vagal neural crest was established from studies spanning more than thirty 

years (Fontaine et al., 1977; Kirchgessner et al., 1992; Nekrep et al., 2008; Plank et al., 

2011). Quail-chick grafting by Fontaine et al (1977) showed that vagal neural crest cells 

from somite levels 1-7 migrate and integrate into the developing pancreatic buds to give 

rise to the resident neurons in ganglia and Schwann cells surrounding nerve bundles. A 

subsequent study showed that vagal neural crest cells must first migrate into and through 

the foregut mesenchyme and then secondarily enter the pancreatic buds to integrate into 

the developing pancreas of the rat at ~ E12-E13 (Kirchgessner et al., 1992). In mouse 
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embryos, the timing of arrival of neural crest cells occurs around E10 (Plank et al., 2011), 

as assayed by Wnt1:Cre lineage tracing. Similar lineage analyses revealed that neural 

crest cells invaded around the pancreatic islets, near α- and β-cells (Arntfield and van der 

Kooy, 2013; Shimada et al., 2012), where they give rise to neurons and Schwann cells 

surrounding the islets. Furthermore, it was found that Wnt1:Cre signal co-localized with 

Phox2b+ neuronal progenitors in the pancreas, consistent with a neural crest origin 

(Nekrep et al., 2008).  

In addition to sharing a foregut entry point with enteric-fated vagal neural crest cells, 

pancreatic-bound vagal neural crest cells also appear to utilize similar gene batteries for 

neuronal differentiation. For example, loss of Phox2b led to a complete absence of 

neurons and glial cells in the pancreas, due to neural crest cell death and diminished 

migration into the foregut (Nekrep et al., 2008). Similarly, Foxd3 knockout leads to total 

loss of vagal neural crest cell migration into the pancreas and the absence of neurons, 

again suggesting that neural crest invasion of the pancreas is vital (Plank et al., 2011). In 

addition to Phox2b, neural crest cells that have newly arrived within the pancreas express 

Sox10, mirroring the sequence of gene expression seen in enteric progenitors along the 

gut (Nekrep et al., 2008).    

In the mouse pancreas, all neuronal progenitors continue to express Phox2b during 

differentiation, while glial cells expressed Sox10. Moreover, similar to vagal neural crest 

migrating into the gut and lung buds, GDNF expression in the pancreas is required for 

neural crest colonization of the pancreas. GDNF is expressed within the pancreatic 

epithelium between E10.5-E15.5, coincident with neural crest entry into the developing 

pancreas. In addition, expression of other GDNF signaling pathway components, such as 
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Ret and GFRα1, was observed in the pancreas. Moreover, GDNF-/- mouse exhibit loss of 

neurons and glial cells in the pancreas (Munoz-Bravo et al., 2013), providing genetic 

evidence of GDNF’s requirement for neural crest contribution to the pancreas.  

 

Taken together, these lineage studies in cardiac, lung, pancreas, and thymus 

highlight the important roles of the vagal neural crest for development of diverse organs. In 

particular, pancreatic- and lung-bound vagal neural crest cells first enter the foregut, then 

spread secondarily into the primitive pancreas or lung buds in order to become intrinsic 

ganglia. While the detailed studies mentioned here clearly reveal a neural crest 

contribution to the pancreas and lung ganglia, many questions remain: What controls their 

choice of migratory pathways to the gut tube versus pancreas, lung or thymic rudiments?  

What dictates their cell fate?  Importantly, in light of recent findings of vagal nerve-

associated neural crest cells that migrate into the gut and express markers of Schwann 

cell precursors [see review by (Furlan and Adameyko, 2018)], it will be important to 

decipher whether or not this subpopulation also plays a role in pancreas and/or lung 

ganglia development, and if they retain multipotent properties following colonization. 

 

 

7. Molecular underpinnings of vagal neural crest development 

Many conserved genes play key roles in formation and migration of vagal neural 

crest during development. Not surprisingly, key transcription factors of the neural crest 

gene regulatory network that are required for the specification of neural crest cells at other 

axial levels [reviewed in (Green et al., 2015; Martik and Bronner, 2017)] also are required 
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at the vagal level.  For example, loss of Sox10, Foxd3, Tfap2α and Pax3 all exhibit 

reduction or loss of vagal neural crest numbers and defects in vagal neural crest-derived 

structures, such as the ENS and other elements of the peripheral nervous system (Carney 

et al., 2006; Kapur, 1999; Knight et al., 2003; Lang et al., 2000; Montero-Balaguer et al., 

2006; Southard-Smith et al., 1998). Of interest, the transcription factor and BMP signaling 

target Sip1 (Smad-interacting protein-1) is expressed in the cranial and vagal neural tube 

and its expression is maintained in migrating neural crest cells (Delalande et al., 2008b; 

Rogers et al., 2013; Van de Putte et al., 2003). Sip1 mutation leads to neural tube closure 

and vagal neural crest formation defects in mice and zebrafish (Delalande et al., 2008b; 

Van de Putte et al., 2003). Subsequently, this results in loss of vagal neural crest cell 

numbers and defects including absence of enteric ganglia along variable lengths of the 

gut, as in Hirschsprung’s disease (Delalande et al., 2008b; Van de Putte et al., 2003; 

Wakamatsu et al., 2001). Sip1 is required for the proper expression of Sox10 and 

represses the expression of E-cadherin in mouse and chicken embryos (Rogers et al., 

2013; Van de Putte et al., 2003). An intriguing possibility is that Sip1 loss alters neural 

crest cell migration via causing cell-cell adhesion defects, which may partially underlie 

some of the vagal-derived tissue defects observed in these phenotypes.   

Other factors that influence vagal neural crest development include the Treacher 

Collins Syndrome-associated gene, Treacle ribosome biogenesis factor 1 (Tcof1), which 

has recently been implicated as a modifier of Pax3 in Hirschsprung’s disease. While Tcof1 

+/- mice show reduced numbers of vagal neural crest cells and hypoganglionosis of the 

ENS, Tcof1+/-; Pax3+/- mice present with increased cell death of the vagal neural crest 

progenitor pool and colonic aganglionosis, demonstrating that Tcof1 and Pax3 
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synergistically function to control vagal neural crest cell numbers during development 

(Barlow et al., 2008). In addition, Pax3-/- mice exhibit enteric aganglionosis phenotype 

(Lang et al., 2000). Consistent with this, loss of pax3 in zebrafish results in a reduction of 

post-otic sox10+ vagal neural crest cells and gut aganglionosis (Minchin and Hughes, 

2008). One important target of Pax3 in the vagal neural crest is the receptor tyrosine 

kinase RET proto-oncogene (Ret). Mechanistically, Pax3 synergistically acts with Sox10 to 

activate expression of Ret (Lang et al., 2000; Lang and Epstein, 2003), presumably acting 

in a vagal-specific gene regulatory battery.  

Interestingly, Ret expression is not found at all axial levels, despite the importance 

of Pax3 and Sox10 in other neural crest cells. Ret expression is regionalized along the 

vagal neural tube in an anterior-posterior domain between rhombomeres 5/6 and somite 7, 

precisely along the vagal level neural tube (Robertson and Mason, 1995). Ret is then 

maintained in migrating vagal neural crest cells (Heanue and Pachnis, 2008; Iwashita et 

al., 2003; Robertson and Mason, 1995) as well as in vagal neural crest derivatives, such 

as the ENS and the sympathetic ganglia (Avantaggiato et al., 1994; Durbec et al., 1996; 

Pachnis et al., 1993). Ligands from the glial derived neurotrophic factor (GDNF) family 

activate Ret together with a coreceptor from the GFRα family [reviewed in (Takahashi, 

2001)]; disruption of this signaling pathway results in decreased enteric colonization and a 

Hirschsprung’s phenotype (Durbec et al., 1996; Fernandez et al., 2008; Gui et al., 2013; 

Hearn et al., 1998; Ruiz-Ferrer et al., 2011; Salomon et al., 1996; Uesaka and Enomoto, 

2010). Ectopic Ret activation potently enhances invasion of sacral neural crest cells into 

the colon in quail/chick chimeras (Delalande et al., 2008a). Together these results 

implicate Ret signaling as a critical regulator of vagal neural crest development.  
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Notably, the application of the natural vitamin A derivative, Retinoic Acid (RA), is 

sufficient to expand the domain of Ret expression rostrally in the developing neural tube in 

vivo (Robertson and Mason, 1995) and in culture (Simkin et al., 2013). While the 5’ 

upstream region of the Ret locus contains putative Retinoic Acid Response Elements 

(RARE) sequences, these failed to be activated in in vitro assays (Patrone et al., 1997). 

However, Ret can be co-activated by the transcription factors Hoxb5, Sox10, Pax3 and 

Nkx2-1 via conserved cis-regulatory elements (Lang et al., 2000; Lang and Epstein, 2003; 

Zhu et al., 2011; Zhu et al., 2014), raising the intriguing possibility that RA works indirectly 

through these transcription factors. From these studies, it is clear that Ret expression is 

controlled by multiple conserved inputs, highlighting the importance of this GRN during 

vagal neural crest development, migration, and evolution.  

Consistent with the indirect effects of RA on Ret expression, the posterior Hox 

transcription factor, Hoxb5, is a target of RA signaling that regulates Ret expression (Fu et 

al., 2003; Kuratani and Wall, 1992; Lui et al., 2008; Wall et al., 1992). Hoxb5 binds to 

intron 1 in a highly conserved sequence of the Ret gene, leading to changes in histone 

modifications and enhanced Ret transcription (Zhu et al., 2014). Loss of Hoxb5 signaling in 

vagal neural crest cells leads to a cell autonomous downregulation of Ret expression, a 

decrease in colonization of the gut by enteric neural crest, and a Hirschsprung’s 

phenotype (Lui et al., 2008). Moreover, loss of function of Hoxb5 in all neural crest cells 

largely affects vagal neural crest derivatives causing increased apoptosis, reduced 

sympathetic and dorsal root ganglia, and ENS defects (Kam et al., 2014). Hence, it is clear 

that alterations at any level within the Ret gene regulatory network (Pax3, Sox10, Hoxb5, 
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etc.) lead to detrimental changes in neural crest cell proliferation and survival, thereby 

affecting further development of vagal neural crest derivatives. 

Vagal neural crest proliferation and survival are also influenced by other tissue-

specific factors. For instance, the cell cycle-associated protein Geminin is expressed in 

migrating neural crest cells en route to the heart and gut at E10.5 in mouse, and in other 

neural crest-derived structures, such as the sympathetic ganglia and dorsal root ganglia. 

Following neural crest-specific loss of Geminin, a reduction in the vagal neural crest pool 

was observed that correlated with reduced proliferation and survival of enteric neural crest 

cells along the gut (Stathopoulou et al., 2016), leading to colonic aganglionosis. In 

zebrafish embryos, the transcription factor Meis3, a TALE-domain containing protein and 

known Hox/Pbx co-factor (Choe et al., 2009; Vlachakis et al., 2001), is expressed in 

migrating vagal neural crest cells en route to the gut and in the mesenchyme (Uribe and 

Bronner, 2015). Reduction of Meis3 led to decreased numbers of vagal neural crest that 

invaded the foregut as a result of reduced proliferation and inefficient migration along the 

gut, and consequently lead to colonic aganglionosis (Uribe and Bronner, 2015). In 

addition, loss of Meis and Pbx protein function led to severe vagal neural crest deficits and 

total gut aganglionosis (Uribe and Bronner, 2015), highlighting the importance of 

Hox/Pbx/Meis transcriptional control in vagal neural crest development.  

In the mouse, knockout of the related gene, Meis2, results in hemorrhaging along 

with cardiac septation defects. Neural crest cell numbers are reduced in the cardiac 

outflow tract of Meis2-/- embryos, suggesting defects in cardiac neural crest cell migration, 

proliferation and/or survival (Machon et al., 2015). Moreover, Machon and colleagues 

noted that Meis2 was strongly expressed in the neural plate, neural tube and in migrating 
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Tfap2+ neural crest cells between E8.5-10.5, suggesting an early functional role in vagal 

neural crest cells. Meis2 plays an autonomous role in the neural crest since conditional 

inactivation of Meis2 in Tfap2+ neural crest cells also led to defects in cardiac neural crest 

localization to the heart and malformed valves (Machon et al., 2015). These results 

suggest that Meis2 is functionally important during cardiac neural crest development and 

add to previous evidence that Pbx family proteins also play important roles during cardiac 

outflow tract formation in mouse (Stankunas et al., 2008). Collectively, these studies 

suggest that Meis/Pbx family proteins serve as regulators of vagal neural crest 

development. Notably, Meis family proteins are known to be downstream targets of the RA 

signaling pathway in multiple contexts (Mercader et al., 2005; Qin et al., 2002), raising the 

possibility that Meis proteins regulate vagal neural crest function through the activation of, 

or in parallel with, Ret transcription. 

During early development, RA is fundamental for the survival and differentiation of 

vagal neural crest cells. Knockout of the gene responsible for most retinoic acid synthesis 

during embryonic development, Aldh1a2 (formerly Raldh2), results in impaired migration 

and survival of post-otic neural crest cells, complete loss of the enteric nervous system, 

and drastic malformations in septation of the cardiac outflow tract (Niederreither et al., 

2003). Recently, zebrafish ret and meis3 have been placed epistatically downstream of RA 

signaling in vagal neural crest cells, as their ectopic expression was able to restore enteric 

neuron presence in the foregut and midgut of RA-deficient embryos (Uribe et al., 2018).  

Taken together, these studies show that numerous neural crest transcription factors 

and signaling pathways play fundamental roles in early vagal neural crest ontogenesis. 

These function in combination with vagal tissue-specific factors to shape the final destiny 
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of these cells into a myriad of vagal neural crest derivatives. The next important steps 

toward fully understanding the molecular pathways that define the vagal neural crest 

include formulation of a more complete vagal neural crest gene regulatory network, and 

testing the influences of the local microenvironment on neural crest migration and 

differentiation.     

 

8. Future Perspectives 

Together with a wealth of classical experiments, new discoveries are being made in 

elucidating vagal neural crest migratory pathways and tissue contributions, largely due to 

significant improvements in fluorescent and genetic lineage tracing methods. Across 

several species, these new techniques are serving to both corroborate and extend 

classical work, to precisely characterize migratory pathways and identify new signaling 

pathways and vagal neural crest derivatives.  

A number of intriguing questions remain outstanding. First, what are the exact axial 

levels of origin of vagal neural crest cells that contribute to particular derivatives, such as 

the pancreas, thymus or the lung? Given the broad knowledge derived from classical 

experiments, new lineage tracing methods will improve perdurance of signal, while also 

allowing more precise and region-specific labeling, which will help to conclusively 

determine the precise origin and pathway choices of vagal neural crest derivatives. This 

may also help better understand various birth defects that originate due to problems in 

vagal neural crest development. Second, what are the unique and shared vagal crest 

derivatives across species? Further examination of species-specific differences in vagal 

neural crest contributions may provide insight into the whether and how vagal crest 
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derivatives have expanded during the course of vertebrate evolution. Finally, what makes 

the vagal neural crest population unique and different from other neural crest populations? 

A more complete view of the gene regulatory network operating in the vagal neural crest 

will foster deeper understanding of the control and developmental potential of this 

fascinating cell population.   
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Supplemental Movie S1. Time lapse movie of stills from Fig. 3. Dissected lungs from 

transgenic Wnt1-Cre/ZEG mouse embryos at E11.5 were imaged by live time lapse 

microscopy for approximately 48 hours. Over the course of branching morphogenesis, 

EGFP-labeled neural crest cells appear to migrate extensively through the lung 

mesenchyme. (Movie acquired at the 2014 Marine Biological Laboratory Embryology 

course, with the assistance of Dr. Angelo Iulianella and the mouse module). 
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Figure 1. The anterior-to-posterior regionalization of the neural crest. Neural crest 

cells are regionalized into four major anterior-posterior axial levels along the dorsal neural 

tube of vertebrate embryos. Approximate boundaries of cranial (purple), vagal (green), 

trunk (orange), and sacral (yellow) neural crest populations are indicated for mouse 

(E10.5), chick (Hamburger-Hamilton 14), frog (Nieuwkoop-Faber 26), and zebrafish 

(42hpf) embryos. The cardiac (red) and enteric (blue) subpopulations of the vagal neural 

crest are also indicated across species. 

 

Figure 2. Cardiac neural crest migration. (A) Cardiac neural crest cells derived from the 

post-otic region migrate towards the pharyngeal arches in a stage HH18 chick embryo. 

Green shading in (A) indicates path of cardiac neural crest. Cross section in (B) is 

indicated by dotted line. (B) Transverse section through a stage HH18 embryo shows 

neural crest immunostained for HNK-1 (green) migrating around the dorsal aorta (DA) to 

enter the pharyngeal arches. Nuclei are labeled with DAPI (blue); immunostaining for 

smooth muscle actin (magenta) lines the DA. O, otic; PA, pharyngeal arches; DA, dorsal 

aorta. 
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Figure 3. Lineage tracing reveals vagal neural crest migration into mouse 

lung buds. (A) E11.5 Wnt-1Cre/ZEG mouse lungs were explanted and imaged at 20-

minute intervals for 46 hours and 40 minutes, displaying extensive neural crest cell 

migration and coalescing into pulmonary ganglia. See also Supplemental Movie 1. (B-C) 

Explanted lungs were processed for immunostaining against neurofilament M, and imaged 

by confocal microscopy. EGFP positive cells extend a complex network of neurofilament 

positive fibers interconnecting the coalescing ganglia. (Images acquired at the 2014 

Marine Biological Laboratory Embryology course, with the assistance of Dr. Angelo 

Iulianella and the mouse module). 

 

Table 1: Vagal neural crest contribution to various organ tissue types and their somite-level of origin. 

Organ 
contribution 

Tissue types Species Neural crest 
axial level 

References 

Thymus Mesenchyme of 
lobes, pericytes, 
smooth muscle 

Chick, 
mouse, frog 

post-otic, 
somite 1-5 

Lievre & Le Douarin 
(1975); Bockman & 
Kirby (1984); Kuratani 
& Bockman (1990); 
Kuratani & Bockman 
(1991); Foster et al. 
(2008); Muller et al. 
(2008); Lee et al. 
(2013) 

Thyroid, 
parathyroid 

Mesenchyme, 
pericytes  

Chick post-otic, 
somite 1-5 

Lievre & Le Douarin 
(1975); Bockman & 
Kirby (1984); Maeda 
et al. (2016) 

Cardiac Aorticopulmonary 
system, smooth 
muscle of aortic 
arches, ganglia 

Chick, 
mouse 

post-otic, 
somite 1-3 
(chick); somite 
1-4 (mouse) 

Chan et al. (2004); 
Espinosa-Medina et 
al. (2017); Jiang et 
al., 2000; Kuo and 
Erickson (2011); 
Kirby and Stewart, 
1983; Kirby et al., 
1993; Kuratani and 
Kirby, 1991; 
Nishibatake et al., 
1987; Phillips et al., 
1987 

Cardiac Aortic arch arteries, Frog hyoid/branchial Lee & Saint-Jeannet 
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aortic sac streams, 
somite 1-4 

(2011) 

Cardiac Cardiomyocytes Zebrafish post-otic, 
somite 1-6 

Cavanaugh et al. 
(2015); Sato and Yost 
(2003) 

Lung Ganglia Human, 
mouse, chick 

somite 1-7 Burns & Delanlande ; 
(2005); Burns et al. 
(2008); Freem et al. 
(2010); Freem et al. 
(2012) 

Pancreas Ganglia Chick, 
mouse, rat 

somite 1-7 Fontaine et al (1977); 
Kirchgessner et al. 
(1992); Nekrep et al. 
(2008); Plank et al. 
(2011) 

 

Highlights 
 Vagal neural crest cells originate from somite levels 1-7 in most jawed vertebrates 
 Vagal neural crest cells embark on diverse migratory routes 
 Vagal neural crest cells contribute to tissues in a spectrum of organs including the 

thymus, heart, and the pancreatic and lung ganglia. 
  
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