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Abstract 

The enteric nervous system (ENS) in the gastrointestinal tract is a complex nervous 

network. It is essential for gut secretion, absorption and peristalsis. Most of the ENS arises 

from vagal neural crest cells (NCCs) which migrate from the neural tube (level somite s1 

to s7) into the foregut then colonize the rest of the intestine as a rostro-caudal wave and 

form the ENS. If this cell migration fails to be completed, the distal intestine lacks ENS, 

this results in Hirschsprung Disease (HSCR). My research project is going to answer: Do 

all levels of vagal NCC contribute to ENS equally? What is the enteric NCCs population 

expansion potential and how do individual initial enteric NCCs contribute to the final 

ENS? Does the ENS population retain its colonization capacity during development? 

How do enteric NC/glia cells and neurons interact in directing ENS cell invasion and 

axon extension? What is the mechanism that control ENS ganglion formation, especially 

the role of differential adhesion of enteric neurons and NCCs on gangliogenesis? 

This thesis using avian models combined with multiple techniques demonstrated that:  

The vagal NCCs of single somite levels origins migrate separately and converge at the 

foregut, where they all mixed. Along the whole vagal length, the mid-vagal region NC-

derived cells -- that is s3 and s4 level -- arrive earliest at the foregut, and contribute the 

greatest numbers.  During colonization along the gut, all levels of vagal NC-derived cells 

are mixed throughout the entire gut, but mid-vagal NC-derived cells contribute to all 

region of gut from foregut to distal hindgut in greatest numbers. Regarding the ENS 

forming potential, all levels of vagal NCC could form ENS, but mid-vagal NCCs (s3 and 

s4) have greatest competency. 

The temporal expansion of the enteric NC population in developing quail gut was 

investigated from E2.5 to E12, and the expansion potential was challenged by drastically 

reducing the starting enteric NCC numbers. By this means, the enteric NCCs showed an 

extremely high capacity to regulate their proliferation while forming the ENS. However, 

single cell lineage tracing technique developed in this thesis demonstrated that the 

contribution of individual enteric NCC to final ENS was unequal and unpredictabe, a few 

dominant ENS “superstar” cell clones emerge but most clones are small. These 

“superstar” clones are not predetermined, instead they achieve this status stochastically. 
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The extremely high gut-colonization capacity of enteric NCCs from the early embryo gut 

was found to rapidly decline with embryonic age, and this declines was more rapid in the 

distal intestine-derived enteric NCCs than in more proximal enteric NCCs. This age-

related loss in colonization capacity involves changes in the ENS cell population, rather 

than the maturity of the mesoderm. However, it is not caused by reducing the 

“undifferentiated” ENS cell number, since this capacity can neither be rescued with more 

time to catch up, nor mimicked by reducing ENS cell number from young donor. Actually, 

unlike their proportion in the ENS, the absolute number of apparently undifferentiated 

enteric NCCs does not decline with age. Therefore, this age-related loss in colonization 

capacity is caused by changes in qualitative aspects with age. 

The early development of the ENS shows two invasive events: rostral-to-caudal invasion 

by enteric NCCs and extension of ENS axons. Experimentally, the gut mesoderm 

supports these two invasive events for longer than the normal time-window. Both these 

events can occur bidirectionally when permitted, although normally they are 

unidirectional. However, a fresh invasion wave of enteric NCCs is prevent by pre-existing 

ENS cells. This prevention of invasion does not occur in gut with pre-existing ENS 

neurons and axons but without enteric NCCs. Therefore the conclusion is that this 

prevention is caused by the pre-existing enteric NCCs and not by other ENS components.  

In the other hand, pre-existing ENS neurons and axons inhibit neuronal differentiation of 

the invading enteric NCCs. In contrast, ENS axon invasion is not prevented by pre-

existing ENS cells and axons. These invasive axons do not use pre-existing ENS axon 

tracts or ENS neurons to facilitate invasion of the gut, but have an absolute requirement 

for enteric NCC (either in situ or co-invading) in order to advance into gut mesoderm. 

Follow these colonizing aspects of ENS development, the ratio of enteric NCC to neuron 

is stabilized and ENS ganglia are formed with a core of neurons and a shell of enteric 

NC/glia cells. Using cell-cell aggregation assays this thesis revealed that during 

aggregation, both Ca+2-dependent and independent adhesion mechanisms are required. 

Neurons sorted to the core of aggregates, surrounded by outer enteric NCCs, showing that 

neurons had higher adhesion than enteric NCCs. The outer surface of aggregates became 

relatively non-adhesive, correlating with low levels of NCAM (Ca+2–independent) and 

N-cadherin (Ca+2–dependent) on this surface of the outer non-neuronal enteric NCCs. In 

addition, the ganglion size is intrinsically regulated by the ratio of enteric NCCs to 

neurons likely by generation of an outer non-adhesive surface. 
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Overall, my research covers almost the entire process of the ENS development from 

initiating of NC on its origin site to the colonization of enteric NCC along the entire gut, 

and the final steps of ENS ganglion formation. The results from this thesis revealed many 

critical issues in understanding of the cellular mechanisms that control these processes. 

These basic researches have important implications for understanding not only ENS 

development but also enteric neuropathologies and for designing NC stem cell therapies.  
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1 Literature Review 

Part of this chapter has been published in Birth Defects Research (Part C) (2014) [1] 

1.1 Introduction to the Enteric Nervous System 

The enteric nervous system (ENS) is a complex network of autonomic neurons and their 

supporting glial cells that are present throughout the length of the gastrointestinal tract. It 

is the largest and most complex division of the peripheral nervous system (PNS), and is 

also the only region of the PNS that can mediate behaviours of organs independently of 

the central nervous system (CNS) input [2, 3].  

This complex network of neurons and glia in the ENS is organized as interconnected 

ganglia within the gastrointestinal tract, it includes two ganglionated plexuses, the 

myenteric plexus and submucous plexus. The submucous plexus lies in the submucosa 

which is closely associated with the connective tissue between the circular muscle and 

the innermost mucosal tissue. It is absent in the esophagus. The myenteric plexus lies 

between the circular and the longitudinal muscle layers and it runs along the full length 

of the gastrointestinal tract. The size of ENS ganglia is variable between myenteric and 

submucosal plexuses, between gut regions and between species. Generally, myenteric 

ganglia are considerably larger than submucosal ganglia in the same region (Figure 1.1) 

[3, 4].  

 

Figure 1.1 Organization of the two ENS plexuses on either side of the circular muscle. 

Enteric neurons are organized in ganglia (green) found within two main plexi. An outer 

myenteric plexus develops first and occupies a position between the longitudinal and 

circular muscle layers. An inner submucosal plexus forms later in gestation and resides 

within the submucosa. (From Heanue and Pachins, 2007) 
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In human, these plexuses contain at least 100 million neurons [5, 6] which control almost 

all aspects of intestinal function, including motility, epithelial secretion and absorption 

and blood flow [3]. In the intestine, myenteric neurons are primarily involved in the 

regulation of gut motility and submucosal neurons are mostly involved in the regulation 

of secretion and vascular tone [6]; in larger mammals, some submucosal neurons are also 

directly involved in motility reflexes [7].  

To perform these complex tasks, there are many distinct subtypes of enteric neurons that 

differ in neurotransmitter expression, morphology, electrophysiology and function [8, 9]. 

Every class of CNS neuron type has been found in the ENS [10]. Actually, although it is 

part of the PNS, the ENS has many characteristics similar to the central nervous system, 

for example expression of the same neurotransmitters and glia in both systems [10, 11]. 

1.2 The origin of the ENS 

As part of the PNS, the ENS is derived entirely from the neural crest (NC), but most of 

the cells are originally derived from a small population of vagal NC.  This is placed at the 

level of somite (s) 1 to s7, which overlaps the caudal hindbrain and the rostral trunk levels 

[12, 13]. Vagal NC cells (NCCs) first migrate to the foregut, once entering the foregut, 

enteric NCCs must migrate away from the entry point and spread uniformly through the 

entire gut as a rostro-caudal wave [14-17] (Figure 1.2). During this process, they undergo 

extensive migration, proliferation and differentiation in order to form a functional ENS 

[17].  In addition, trunk NC at sacral-levels (caudal to s28 in birds) contributes to the 

distal ENS, mainly in the colo-rectum, but numerically this is much less than the vagal 

NC's contribution [18, 19] (Figure 1.2). 

 

Figure 1.2 Diagram showing vagal and sacral NCCs contribute to and colonize along the 

gut. 
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1.2.1 Neural crest: a transient and versatile cell population 

The NC is the name given to the strip of cells at the junction between neural and epidermal 

ectoderm along the entire rostrocaudal neural axis during neurulation, which is later 

brought to the dorsal neural tube (NT) as the neural folds elevate [20] (Figure 1.3 A). As 

a transient structure unique to the early developing vertebrate embryo, the NC is a multi-

fated cell population whose cells undergo epithelial-mesenchymal transition (EMT) then 

extensively and accurately migrate throughout the embryo and contribute to nearly every 

organ system in the body, with derivatives of neuronal, glial, neuroendocrine, pigment, 

and also mesodermal lineages [21].  This breadth of developmental capacity has led to 

the NC being termed the fourth germ layer [22]. 

 

Figure 1.3 Transverse sections at avian trunk of age E1 (top) to age E3.5 (bottom) 

diagramming NC at specification stage (light green) at the neural plate (dark gray) 

border, NCC migration stage (green), and aggregation into dorsal root ganglia (blue) 

and sympathetic ganglia (red). B: Diagram showing transcription factors expressed in 

the specification, migration and differentiation of the NC (light to dark green). 

Ectomesenchymal NC derivatives are colored in shades of green, sensory neural 

derivatives in blue, autonomic neural derivatives in orange and red, and melanocytes in 

gray. Signalling molecules important in transitions of state of NC-derived cells are in 

blue on a yellow field. (From Zhang. D, et al., 2014) 
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1.2.1.1 NC induction and specification 

The NC originates as a result of a chain of interactions at the border between neural and 

epidermal ectoderms beginning at the time of gastrulation. The interaction signals were 

identified as growth factors (e.g., FGFs, BMPs, Wnts, Notch, retinoids) and their 

receptors and modulators, and the responses were also refined to expression of 

transcription factors. The diversity and accuracy of responses from a modest range of 

signal molecules are due to the duration, sequence, and strength of the signals in 

combination, and the responses are also defined by combinatorial expression of sets of 

transcription factors [23, 24] (Figure. 1.3 B). As yet the molecular pathways, or rather 

networks, between molecular signal and transcription factor gene expression are poorly 

understood, and the functional genes controlled by these transcription factors are 

incompletely known. 

The ectoderm gives rise to four major structures: the CNS, epidermal ectoderm, cranial 

placodes, and NC. Their origin is sometimes depicted as a series of binary specification 

choices: ectoderm to either neural or epidermal moieties, neural ectoderm to either 

central-NT or NC. Early epidermal specification is driven (in part) by BMP signals in a 

peripheral zone in the chick epiblast opposed in a medial zone by FGF coinciding with 

neural plate specification [25], both being regulated by Wnt signals [26]. The usual model 

poses signalling between these zones establishing a new zone, the epidermal/neural plate 

border zone at intermediate/low BMP signalling. This is defined by and requires 

expression of neural plate border specifier genes including Pax7, Dlx3/5, Msx1/2, Gbx2, 

and Zic1 [23]. In Xenopus and chick, the roles of Pax3 and Pax7 seem to have been at 

least partially switched. However the appearance of NCCs in epiblast microfragments 

cultured in “noninducing” conditions suggested that avian NC, at least midbrain/rostral 

hindbrain NC, is specified very early and independently of neural tissues [27], and cell 

mixing makes strictly regional either/or specifications hard to envisage. This provisional 

specification of a broad neural plate border region is refined to specification of NC, 

evidenced by expression of distinctive NC transcription factor genes, such as Snail1/2, 

Sox8, Sox9, Sox10, FoxD3, Twist, Ets1, AP2a, cMyc, and Id (see Figure. 1.3). As with 

Pax3/7, the expression and roles of Snail1 and Snail2 seem to be reversed in birds and 

reptiles, compared with other vertebrates [28]. Known or presumed interactions in this 

regulatory network are complex [29]. For example the enhancers of Sox10 and FoxD3 

have sites for cranial and vagal/trunk NC, which are responsive to other NC specifier 
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transcription factors, such as Sox9, Ets1, and cMyb [30]. For FoxD3, Pax7/Msx/Ets1 bind 

to the cranial regulatory sequence and Pax7/Msx-Zic1 to the trunk [31]. 

In recent years, epigenetic factors have also been implicated in NC specification by 

regulating transcription factors expression. In the chick embryo, the DNA 

methyltransferase (DNMT) 3A is expressed by cells in the neural plate border zone at 

early stages [32]. The DNMT3A binds directly to CpG islands of promoter regions of 

neural plate genes Sox2 and Sox3, resulting in their repression by methylation. The down-

regulation of neural plate genes of Sox2 and Sox3 is a prerequisite to activate NC specifier 

genes. Knockdown of DNMT3A in this region results in ectopic Sox2 and Sox3 

expression and loss of NC specifier genes Sox10, Snail2, FoxD3 [32]. The gene for the 

histone demethylase, JmjD2A is also expressed in the neural plate border region at the 

gastrula stage of chick embryos [33]. JmjD2A demethylates H3K9me3 (Histone 3 Lysine 

9 trimethylation) at the promoters of NC specifiers (e.g., Sox10, Sox8, Snai2 and FoxD3) 

to activate their expression during NC specification. Knockdown of JmjD2A in the neural 

plate border region, downregulates these NC specifier transcription genes [33].  

1.2.1.2 NCC delamination/EMT and migration 

The NC transcription factor genes must drive the genes whose functions control the 

morphogenetic behaviour of NCCs (Figure. 1.3 B). Following NC specification, the first 

event is delamination, which is achieved by EMT. Once delaminated from their 

surrounding neural tissues, NCCs migrate extensively throughout the embryo.  

The premigratory NCCs initially reside in the neural plate border (consequently dorsal 

NT). The timing of delamination relative to NT folding and closure is vertebrate species 

and axial level dependent [34, 35]. In the cranial region, NCC delamination starts prior 

to or at the time of neural folds fusion. In mouse and Xenopus the cranial NCCs 

delamination occurs when the neural plate is still wide open [36-38], while in chick it 

appears coincident with neural fold fusion [39, 40]. In all vertebrate species, cranial NCCs 

delamination occurs through an en masse process and maintains cell–cell adhesions as a 

group. This process only lasts a few hours at certain axis levels with nearly all cells 

departing almost at once. In the trunk region of all vertebrates, NCCs delamination occurs 

after NT closure in a single cell dripping fashion, leaving the NT progressively one-by-

one. [41-47]. However, the starting time of NCC delamination after NT closure can vary 

dramatically along the A-P axis. For example, in the chick embryo, the first rostral trunk 
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NCCs depart a few hours after NT closure [48], while the first caudal-most NCCs 

emigrate one day after completion of neurulation [49]. 

During delamination, dynamic expression of cadherins by the NCC plays a crucial role 

in segregating these cells from other cells in the NT. At onset of neurulation, in mouse 

and chick embryos, E-cadherin is evenly expressed throughout the ectoderm [50, 51]. In 

contrast, N-cadherin and Cadherin-6B are totally absent [50]. During neurulation, while 

E-cadherin is maintained on both non-neural and neural ectoderm, Cadherin-6B appears 

in the prospective NCCs and the expression level is progressively increased [50]. By late 

stages of neurulation, N-cadherin starts to express on the neural plate progressively and 

dorsally with lower level in the dorsal-most region [50, 52]. Since, Cadherin-6B does not 

form heterophilic interactions with N-cadherin, the high level of Cadherin-6B expressed 

on the prospective NNCs could help the initial separation of the NCCs from the rest of 

the NT which express high level of N-cadherin [50, 52, 53]. The previous studies showed 

that N-cadherin expression in neural plate was combined with loss of E-cadherin 

expression [51, 54]. However, recent studies in chick demonstrated that E-cadherin 

persists in all neuroectodermal cells until completion of NC delamination [34, 50, 55, 56]. 

During delamination, E-cadherin begin to decline in both NT and NCCs, but N-cadherin 

is increased only in the NT. Notably, while most NCCs exhibit robust Cadherin-6B, 

premigratory NCCs express little Cadherin-6B at initiation of migration [50]. By end of 

delamination, E-cadherin become definitively down-regulated in the NT and NCCs, all 

cells situated in the dorsal aspect of the NT express N-cadherin and a few of them 

maintain Cadherin-6B [50].  After delamination, migratory NCCs lose Cadherin-6B and 

start expressing Cadherin-7 [52, 53, 57]. Unlike chick, in the mouse, NCCs express 

Cadherin-6, a close relative of chick Cadherin-6B, prior to delamination but retain it 

during early migration, instead of shifting to Cadherin-7 [58]. 

During delamination, the subsequent changes in cell surface cadherin expression are 

regulated by transcriptional repression. In the chick and mouse, the transcription factor 

Sip1/Zeb2 may directly or indirectly repress E-cadherin expression in the cranial NCCs 

during delamination. Loss of Sip1 increases E-cadherin expression and arrests cranial 

NCCs delamination [56, 59]. In addition, in Xenopus and zebrafish, reducing E-cadherin 

expression during cranial NCC delamination is through the activity of the transcriptional 

repressor Twist, which is positively regulated by hypoxia-inducible transcription factor 

1a (Hif-1) [60]. Downregulation of Hif-1 leads to loss of Twist and in turn leads to 
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increased membrane E-cadherin [60]. Moreover, in Xenopus transcriptional repression of 

E-cadherin is through the activity of transcription factor Snail in combination with other 

cofactors [61, 62].  

The transcription factor Snail acts together with other transcription factors to control 

expression of other cadherin during NCC delamination. For example, in chick, 

knockdown of Snail 2 in premigratory NCCs results in an upregulation of N-cadherin and 

Cadherin-6B transcripts [57, 63]. In this case, Snail represses Cadherin-6B expression by 

directly binding to the promoter of Cadherin-6B [57]. However, the repression of N-

cadherin expression by Snail 2 is not direct, since overexpression of Snail2 only does not 

repress N-cadherin transcription in the chick [64]. The repression of N-cadherin 

expression can be achieved by overexpression of Snail2 with Ets1 and this leads to trunk 

NCC delamination in chick [40]. 

NCCs must escape and migrate directionally following stereotyped routes. The escape 

phase has been most related to the expression of extracellular proteases, Matrix 

metalloproteinases (MMPs) and a disintegrin and metalloproteases (ADAMs). The 

simplistic idea was initially that these proteases enabled NCCs to breach the basal lamina, 

though in some species at some axial levels a NC basal lamina never exists [65]. 

Nevertheless these proteases are important for NC migration, by cleavage of cell–cell 

adhesion molecules (C-CAMs) [66] and modification of Extracellular matrix (ECM) [67], 

as organizing molecules between NCCs [68] and signal transduction within cells  [69]. 

As with C-CAMs, the expression data are not all matched by functional studies. 

The routes of NCC migration were first related to the distribution of adhesive ECM, the 

archetype being fibronectin [70], but many other ECM molecules have been related to 

NC migration [71]. Parallel studies on ECM receptors have revealed NCCs possess 

integrins, particularly 41 and 51 [72]. In some cases the ECM/integrin interaction 

seems to influence cell movement, but integrins may also convey survival signals [73]. 

Diverse perturbations of specific NCC/ECM interactions in vivo affect NCC 

morphogenesis, but often less dramatically than expected from in vitro studies [74, 75]; 

this has been presumed to relate to redundancy in ECM in vivo. NC migration routes are 

equally defined by exclusion zones [76] created by molecules that disfavour NCC 

adhesion or locomotion. The first inhibitory/repulsive molecules were large chondroitin 
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sulphate proteoglycans of the ECM [77], but others are known, including Slit with 

receptor Robo [78] and tenascin-C with integrin receptors [75]. 

NC migration directionality has long been of interest. NC repulsion based on diffusible 

molecules can limit and direct NC migration. Molecules with this function include 

Semaphorins (6A, 6B, 3A) with receptors Plexin-A2 and Neuropilin-1[79, 80], and Sonic 

Hedgehog [81]. Diffusible molecules are also known to favor NC migration by 

chemotaxis or chemokinesis; these could provide target-derived directionality signals. 

The molecules involved include GDNF (receptor: Ret) and Netrin-1 (receptor: DCC) for 

enteric NCCs [82, 83], VEGF (receptor: neuropilin-1) for cranial NC [84], Semaphorin3C 

(receptor: plexin-D1/neuropilin- 1) for cardiac NC [80] and SDF-1 (receptor: CXC4R) in 

several locations [85-87].  

Experimental placement of NC at the distal “target” has revealed that the cells can migrate 

along the normal path but in reverse direction [88]. This cannot be controlled by target 

derived factors, and answers have been sought within the NCC population. Contact 

inhibition of locomotion (CIL), a concept introduced by Abercrombie in the 1960s [89] 

was described in NCCs in vitro [90]. As well as inhibiting motility at the point of contact, 

CIL promotes locomotion in a new direction [91], so this could explain the “reverse 

migration” results. It is now clear that CIL occurs in vivo in the amphibian cranial NC 

[92] and in avian corneal NC-derived cells [93], and in mouse enteric NCCs in organ 

culture [94]. Molecules transducing these directional signals are also now apparent, and 

in cranial NC include Wnt/PCP (including Par3) signalling which activates RhoA to 

inhibit protrusions at Cadherin-11 contacts [95, 96]. However, Eph/ephrin and 

Nectin/integrin V3/PDGFR can mediate CIL in other cell types [97, 98] and are 

expressed by NCCs; these are therefore also candidates. Above this level of direct control 

of individual NCC motile behavior are several population-based explanations. NCCs 

showing random walk motility coupled to proliferation up to a carrying capacity set by 

the environment would show “frontal expansion” into uncolonized regions. This has been 

recognized in the colonization of the intestine and face by NCCs [99, 100]. The 

environmental factors are presumed to be mitogens, such as GDNF [101] or VEGF [84], 

and it is assumed that these are consumed by NCCs. This would create a gradient of factor 

across the NC front, and both these factors are chemotactic [83, 84], so this would provide 

additional directional signals for migrating NCCs.  
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Figure 1.4 Timetable for the onset of NCC emigration in the chick embryo. The 

developmental axis is given in number of somites and approximate incubation time (at 

38oC). The axial levels are Pro., prosencephalon; Mes., mesencephalon; Rho., 

rhombencephalon; Di., diemcephalon; Met., metencephalon; Oto., Otocyst; My., 

myelencephalon; S, somite. The time between first (○) and the last (▲) cells to leave their 

origin in the neural anlage varies with the axial level. Note that NCC emigration does 

not exactly parallel somite segmentation (X). (From Newgreen DF, Erickson CA. 1986) 

 

The migration of NCCs from the NT is well time controlled. The timetable for the onset 

of NCC emigration in the chick embryo has been established by Newgreen DF and 

Erickson CA (see Figure 1.4) [102]. In avian embryos, NCCs migration start at the 

mesencephalon level, and then this process extends both rostrally and caudally from 

cranial through to the trunk region. However, the NCCs of different level start to migrate 

at different times relative to neural fold fusion and ectoderm separation. The NCCs start 

to migrate from the mesencephalon at the fold first touch. In other cranial regions, even 

as the neural fold is nearly complete, the NC is still continuous with the epidermis. At the 

post-cranial and trunk level, the NCC start migration after the neural folds have fused 

completely and the epidermal ectoderm has separated from the neural anlage. The wave 

of onset of NCC dispersion at somitic levels does not exactly parallel the wave of 

ectoderm separation nor the wave of somite segment formation. In addition, in the chick, 

the time window of the first and the last NCCs to emigrate from the same axial level 

varies from about 4-6 hours in cranial levels to over 24 hours at trunk levels. (Figure 1.4). 
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1.2.1.3 NCC distribution and fate 

The NC exists along the entire axial length of the neural anlage except at the most rostral 

forebrain, and gives rise to a remarkable diversity of cell types. The origins and fates of 

NCCs are diagrammed in Figure 1.5 using the chick embryo as the model.  

 

 

Figure 1.5 Fate map of the NC superimposed on an E1.5 (left; for cranial levels) and 

E2.5 (right; for trunk levels) chick embryo.  Some NC derivatives have very broad origins 

(melanocytes, sensory ganglion cells) while others have restricted levels of origin (enteric 

ganglia, parasympathetic ganglia). Note that the ectomesenchymal derivatives of the NC 

form two zones defined by presence or absence of Hox gene expression. (Adapted from 

Le Douarin et al. 2004). 

 

NC derivatives differ spatially with axis 

NCCs originate from different positions along the rostro-caudal axis. Some NC 

derivatives (e.g., Schwann cells, melanocytes) have widespread axial origins, while 

others, such as ectomesenchyme and ENS, are more restricted (Figure. 1.5). The regions 

of NC can be divided into four main domains depending upon location and fate, which 

include the cranial, vagal, trunk and sacral NC. The cranial NC, which arises from the 

diencephalon to the third somite, gives rise to the majority of the facial connective and 

skeletal tissue, as well as neurons and glia of the cranial ganglia. They also form 
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melanocytes. The vagal NC, facing somites 1 to 7, contributes to the heart outflow track 

and also forms the ENS. The trunk NC, which arises caudal to the fourth somite, forms 

dorsal root and sympathetic ganglia of the PNS, secretory cells of the adrenal gland and 

melanocytes. Finally, the NC formed at the sacral region, which is caudal to somite 28 in 

chick embryo and caudal to somite 24 in embryonic mice, forms a small portion of the 

ENS [21, 103] as well as other trunk NC derivatives. 

Is this axial division innate to each level of NC, or happenstance, dictated by identical 

NCCs migrating into different environments? This was tested by an extensive campaign 

of heterotopic transplantations and tissue combinations chiefly by the Le Douarin group 

[21]. Generally transplantation of NC to a more rostral level revealed a deficit in 

formation of appropriate derivatives, even though the ectopic cells may migrate to the 

correct location. Notably, cranial NC of rhombencephalic level transplanted rostrally in 

place of mesencephalic NC resulted in craniofacial skeletal deficits, despite the former’s 

ectomesenchyme capacity [104, 105]. Likewise trunk NC failed to adequately replace 

vagal NC as a source of ENS [106, 107]. This suggests that the NC as a population 

displays a gradual rostral to caudal loss in differentiation potential, and this involves both 

ectomesenchymal and neural lines of differentiation. 

Similar transplants of NC to a more caudal position generally had more normal 

differentiation.  Cranial pre-migratory NC [107] and post-migratory ectomesenchyme 

[108] could form a seemingly normal ENS in aneural colon although this is not their 

normal fate. Likewise cranial and vagal-level NC formed sympathetic lineage and 

adrenomedullary cells in a trunk microenvironment [106, 109]. This suggests that as a 

population the anterior NC exhibits considerable plasticity, whereas the posterior NC is 

more restricted.  However, more detailed analysis revealed level-of-origin differences. 

Cranial to trunk NC transplants produced ectopic ectomesenchyme [106], while some of 

the sympathetic ganglion cells lacked the characteristic transcription factor HAND2 and 

metabolic marker tyrosine hydroxylase [110]. Therefore, although the cranial NC 

population included cells capable of trunk-appropriate differentiation, it also included 

cells of different abilities, and this involved both neural and ectomesenchymal lineages.  

Interestingly, back-transplantations of NC derivatives into early embryos revealed that the 

derivatives from anterior NC also display plasticity to generate posterior structures. 

Ciliary ganglia [111] or foregut [112] grafted into NC migration pathway at the 
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adrenomedullary level, showed migration of NC-derived cells in the host embryo, and 

subsequent promotion of their differentiation into adrenergic cells of the sympathetic 

ganglia and adrenal medulla. Similarly, back-transplantations of periocular 

ectomesenchyme could form a seemingly normal ENS [108].  

The disjunction between cranial NC ectomesenchyme at the rhombomere R3 border is 

Hox gene-related: NC rostral to R3 does not express Hox genes, unlike more caudal NC 

(Figure. 1.5). Moreover, forced expression of Hox genes in the rostral NC caused failure 

of craniofacial skeletal formation [113]. Using quite different assays in vitro, cranial and 

trunk NC differences in survival and differentiation in response to growth factors were 

the result in part, of differential expression of Hox genes [114]. Therefore there are pre-

existing axial level differences in the NC before migration, which partly involves the 

spatial Hox code. Whether this is populational (different levels have different proportions 

of pre-specified cells) or at the level of individual cell (each cranial NCC has more options 

than each trunk NCC) is unclear, as is the plasticity or permanence of these differences. 

The differences currently known are crudely regional, and it is also unclear how fine-

grained any pre-existing differences might be along the NC length. 

 

NC derivatives differ temporally with migration waves 

At a single axial level, the NC produces multiple different types of cells. At midbrain 

region, the early migrating NCCs distribute both dorsally to melanocytes, the neurons of 

the parasympathetic ciliary ganglion and ventrally to Schwann cells, cartilage, bone and 

dermis of the jaw; whereas the late migrating NCCs only give rise to more dorsal 

structures but form much less cartilage and bone [115, 116]. At hindbrain region, the 

NCCs initiate their migration in the dorsolateral pathway and extend ventrally to populate 

the pharyngeal arches 3–6, the outflow tract of the heart and the lateral portion of the 

foregut [117]. Slightly later, NCCs begin to migrate along the ventral pathway and 

contribute to the sensory and sympathetic ganglia and the anterior foregut [117]. Finally, 

the dorsolateral pathway re-establishes, where they differentiate into melanoblasts [118].  

At the trunk level, NCCs initially invade the ventral pathway between the somites and 

neural tube and within the rostral somite-half to give rise to the neurons and glial cells of 

the peripheral nervous system. In the chick embryo 24 hours later trunk NCCs migrate 

dorsolaterally and differentiate into melanocytes [119]. This 2-stage use of ventral and 

dorsolateral paths is not evident in the mouse embryo. 
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Similar with spatial variations, the NC plasticity is also temporally different with the 

migration waves. Are these differences innate prior to migration, or happenstance? In 

trunk level, grafting experiments in vivo showed that late-migrating melanoblastic NCCs 

are the only NC subpopulation tested that is capable of migrating into the dorsolateral 

path [120]. This suggests that this subpopulation is innately different, although it can also 

migrate ventrally when grafted early [120]. 

At cranial levels, when the late migrating NC population is substituted heterochronically 

for the early-migrating population, it contributes extensively to ventral derivatives such 

as jaw cartilage and bone. Conversely, when the early-migrating population is substituted 

heterochronically for the late-migrating population, it no longer contributes to the jaw 

skeleton and only forms dorsal derivatives. When the late-migrating population is grafted 

into a late-stage host whose NC had previously been ablated, it migrates ventrally into 

the jaws. Thus, the dorsal fate bias or restriction of the late-migrating mesencephalic NCC 

population in normal development is due to the presence of earlier-migrating NCCs, 

rather than to any change in the environment or to any intrinsic difference in migratory 

ability or differentiation potential between early- and late-migrating cell populations. 

These results highlight the plasticity of the NC and show that its fate is determined in 

large part by the environment [115]. 

 

At cranial levels, in vitro cloning points to NCCs being similar and multipotent [121], 

while others argue for a distinct neural/ectomesenchyme dichotomy [122]. At trunk levels 

it has long been recognized that the temporal order of NC emigration is reflected by the 

type of derivative, with more distal derivatives provided by earlier émigrés [123]. It has 

been argued from perturbation experiments that fate-restricted NCCs are stacked in 

dorso-ventral order in the NT prior to emigration [124]. In contrast, using live cell 

labeling, NCCs from different dorso-ventral levels were not found to contribute 

differentially to NC derivatives [125]. Single cell labeling data from the Confetti mouse 

indicates that trunk NCCs of the same clone contribute to multiple NC derivatives, 

indicating they are not restricted as to later lineage differentiation [126].  

1.2.1.4 NCC differentiation 

After specification of the NC, an initial task is to prevent differentiation in early 

migration. SoxE gene products [127] such as Sox10 inhibit the differentiation of NCCs 



14 
 

and maintain progenitor properties [128]. However, the role of Sox10 is made more 

complex as it is also involved later in the differentiation of peripheral glia and 

melanocytes [129]. Sox10 may bind as a monomer or cooperatively with other 

transcription factors [130]. High Sox10 level may inhibit differentiation whereas Sox10 

plus Pax3 proteins bind separately to activate MITF for melanocyte differentiation. In the 

ENS, the same two transcription factors interact to regulate the neuroglial gene Ret via 

the Pax3 site [131, 132]. Another NC specifier gene, FoxD3, has been implicated in 

maintaining multipotent progenitor status while suppressing ectomesenchymal options 

[133]. 

 

In the head, the early NC genes are downregulated as the migrating cells reach the 

pharyngeal arches. Here ectomesenchymal genes are upregulated via FGF signals [134] 

which are in turn influenced by Shh from the pharyngeal endoderm [135]. Prominent in 

the ectomesenchymal suite of genes is re-expression of Sox9. This NC specifier is 

unnecessary for migration, but essential for later craniofacial cartilage differentiation 

[136], via an extensive and complex set of regulatory elements [137]. 

 

A NT-derived TGF-b member is necessary for differentiation of the autonomic nervous 

system (ANS) neurons, as well as BMP4 which is produced by the dorsal aorta, directly 

adjacent to the sympathetic localization site. BMP4 induces expression of DNA-binding 

proteins is required for both neuronogenesis and cell type-specific expression of 

noradrenergic marker genes [138]. These include the homeodomain proteins Phox2b and 

Phox2a, the basic helix-loophelix DNA binding proteins achaete-scute homolog1 (Mash1 

mouse) and Hand2, and the zinc finger protein Gata3 or Gata 2 (mouse and chick) [139-

142]. Phox2b is a master regulator for the ANS, as deletion results in loss of sympathetic, 

parasympathetic and enteric neurons [143]. In contrast, deletion of Hand2 results in loss 

of sympathetic neurons [144] but this has no clear effect on parasympathetic neurons. 

Loss of Hand2 in ENS cells reduces proliferation and differentiation, disturbs the ENS 

ganglionic organization and axonal architecture, decrease in expression of 

neurotransmitter and depletes neurons, especially TH, NOS and VIP neurons [145, 146]. 

The different effects of loss of Hand2 in the generation of sympathetic, compared to other 

ANS neurons, suggest the existence of additional instructive cues for specification of 

neurotransmitter phenotypic characteristics. The roles of various molecules in 

sympathetic, parasympathetic, enteric, and sensory neuron differentiation are presented 
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in Figure. 1.3 B. As development proceeds, the peripheral NC neurons express receptors 

of the Trk family and become dependent on target-derived factors including NGF, BDNF, 

and ET3 [147]. 

1.2.2 NC regionalization for ENS formation 

As mentioned before, although the NC exists along the entire neural axis, not all regions 

of the NC are fated to form ENS (see Figure 1.5).  

1.2.2.1 The fate maps of NC to form the ENS   

Direct contribution of the vagal NC to the ENS  

Among the whole length of the NC, the vagal NC is the only region that contributes to 

the ENS of the entire gastrointestinal tract and gives rise to the majority of enteric neurons 

and glia. This was first discovered in avian embryos by performing NC ablation, by which 

with the absence of vagal NC, the ENS failed to be developed [13]. Later, this was further 

confirmed by grafting of quail NCCs into vagal region of chick embryos prior to the onset 

of NCC migration. This led to the presence of quail neurons and glia in the recipient chick 

gut, supporting the vagal NC origin of the ENS [12].  

Recent studies showed that even within vagal region, the contribution of NCC to ENS is 

not equal. The studies using chick-quail grafts and retroviral marker labelling of NC 

showed that the NCCs from somites 3 to 6 level give the largest ENS cells number and 

contribute to all regions of the gut [18, 148]. However, until now, the single somites level 

fine scale difference within the vagal NC for ENS formation has not been discovered. 

This is explored in Chapter 4. 

Direct contribution of the sacral NC to the ENS 

Beside vagal NC, the sacral NC also contributes to the ENS population. Studies using 

quail-chick chimeric grafting showed that some cells that populate the ENS are derived 

from the sacral NC caudal to somite 28 [12, 19]. This sacral NC origin of ENS contributes 

to the enteric neuronal and glial populations of both the myenteric and the submucosal 

plexuses, but the proportion of ENS cells derived from the sacral crest level is small [19]. 

Interestingly, the sacral NCCs start to colonize the gut after vagal NCCs had completed 

their migration along the entire length of the gut [18, 19]. This suggested that the sacral 

NCCs that colonize the gut may rely on pre-existing vagal-derived cells. However, in a 

vagal NC ablated avian model, which lack the vagal-derived ganglia, sacral NCCs still 
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migrated and differentiated normally [149]. This sacral NC independent capacity of ENS 

formation was also confirmed by combining chick aneural mid-hindgut with chick vagal 

and/or quail sacral NT/NC in chrorioallantoic membrane (CAM) graft [150]. In this 

experiment, sacral NCCs contributed small numbers of neurons and glial cells in both the 

presence and absence of vagal cells. 

The direct contribution of vagal and sacral NCCs to the ENS are highly conserved in the 

rodent, with a major vagal NC origin of ENS cells combined with a minor sacral NC 

contribution independently [119, 151, 152].  

The rest of the NC, that is, cranial NC rostral to the vagal level and trunk NC between the 

vagal and the sacral levels, has no initial direct contribution to the ENS [12, 153]. 

Indirect contribution of the trunk NC to the ENS 

Recently in the mouse, the late-originating ENS neurons derived from a subset of trunk 

NC-derived Schwann cell precursors (SCPs) have been identified using genetic tracing 

[154].  In this study, SCPs comprised up to 20% of enteric neurons in the large intestine 

and gave rise mainly to restricted neuronal subtypes. Inactivation of Ret in SCPs causes 

a significant reduction in the number of enteric neurons in the distal colon, indicating that 

SCP-derived neurogenesis is essential to ENS integrity. Whether this source has a parallel 

in other vertebrates is not yet known. 

1.2.2.2 Competence of NC along axis to form ENS 

Although only vagal and sacral level NCCs are fated to form ENS, under suitable 

experimental conditions, NC from other levels is also competent to form ENS. For 

instance, when the trunk level of quail NT/NC is grafted into the “vagal” region of a chick 

embryo, the quail trunk NCCs migrated to the gut and differentiate into enteric ganglia 

[106] but their distribution along the gut was far less than that achieved by grafts of vagal 

NT/NC. Also, when the trunk NT/NC is grafted into the “sacral region”, the trunk NCCs 

distribute to the gut mesenchyme, similar to sacral NC [155]. The competence of non-

ENS fated NC to form ENS was also observed in CAM grafts of quail NT/NC and chick 

aneural gut combinations. When directly combining the chick aneural gut with midbrain, 

hindbrain, vagal, cervical or thoracic levels of quail NT/NC, respectively, the NC-derived 

cells from all levels could contribute to recipient gut and differentiate into several enteric 

neuron sub-types and glia [107, 109, 156].  
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These results indicate that the influence of the position and microenvironment is 

important in the fate of NCCs to form ENS. Under suitable microenvironment, nearly all 

NC levels are competent to contribute to ENS. However, their ability to generate an ENS 

is very different quantitatively and possibly qualitatively. 

This different ability in ENS formation related to NC level origin was first demonstrated 

in quail NT/NC and chick aneural gut combination experiments [109]. By directly 

combining quail NT/NC isolated from vagal, trunk or sacral levels with aneural chick 

hindgut and growing the combination on the CAM, the NC of all three levels could 

furnish enteric neurons in aneural gut. However, cell counts revealed far fewer neurons 

provided by trunk NT/NC than vagal NT/NC. The sacral NT/NC gave results similar to 

those of the trunk level. 

However, in a nuanced study using the chick-quail NT transplantation experiment 

demonstrated when back-transplanting one somite length of either vagal, sacral or trunk 

quail NT/NC into a major NT ablated chick vagal region, the ability to form ENS was 

greater for the sacral NC than the trunk NC, though still far inferior to that of the vagal 

NC [157]. 

These results indicate that the NC levels caudal to the vagal level cannot efficiently form 

a normal ENS even when given the opportunity. In contrast, the NC levels rostral to the 

vagal level, such as midbrain and hindbrain, which are also non-ENS fate region, could 

provide abundant ENS in co-grafted aneural gut and forme complete ENS ganglion 

networks similarly to vagal NC [107]. This demonstrates that there is a regionalised 

ability in the NC to generate an ENS, and this ability dropped suddenly (but not totally) 

in trunk NC levels [107]. 

The comparison of ENS forming ability between ENS fated regions of vagal and sacral 

NC was well studied using chick-quail NT revers transplantations [88, 149, 158]. By 

grafting quail vagal NC into the sacral region of chick embryo, the vagal NCCs rapidly 

and extensively migrated into the recipient gut and formed abundant ENS ganglia. In 

contrast, when sacral NCCs were transplanted to the vagal region, the sacral NCCs also 

colonized the gut, but in much lower numbers than vagal cells, as in colonization of the 

hindgut [158]. Similar results were also seen in CAM grafts of quail NT/NC and chick 

aneural gut combination. When combined chick aneural gut with quail vagal or sacral 



18 
 

NT/NC, vagal NCCs produced neurons and glia in large ganglia throughout the entire 

intestinal tissues, but sacral NCCs contributed small numbers of neurons and glial cells 

[150]. 

1.2.3 Pathways of the NCCs reach to gut 

The vagal NCC start to leave the NT between the somite stage (ss) 7 to 13 (embryonic 

day 1.5 (E1.5) in chick and E8.5 in mouse) [12, 151, 158]. Once they leave the NT, the 

vagal NCCs migrate along two separate pathways. First, vagal NCCs from the somite 

level (s) 1–4 begin to migrate in the dorsolateral pathway between the somite and the 

ectoderm, to reach the circumpharyngeal ridge and also along the circumpharyngeal ridge 

to the foregut [116, 159, 160]. Slightly later, by ss13, NCCs from the s1–4 begin to 

migrate in the ventral pathway, through adjacent somites, entering the proximal foregut. 

Whereas, NCCs from s5–7 migrate only ventrally and join the migration stream into the 

foregut [14, 116, 117, 148]. In chick and quail embryos, the vagal NC reaches to the 

foregut at E2.5 [19]. In mouse, the vagal NC reaches to foregut at E9.5 [151]. Once in the 

gut wall, the vagal-derived enteric NCCs then colonize the rest of the gut as a timetabled 

rostro-caudal wave within the gut mesoderm [161].   

In contrast, sacral NCCs migrate ventrally through the somites and tail bud and 

accumulate near the dorsal wall of the hindgut or future colorectum where they form 

paired pelvic ganglia and additionally in avians, the Nerve of Remak (NoR) [19]. Sacral 

NCCs leave the neural tube at E3 in chick and E9.5 in mouse, arrive at the hindgut at E5 

and E11.5, respectively [162, 163]. After a long waiting period, sacral NCCs colonize the 

gut via a caudal-rostral migration [19]. Similar events also occur in the mouse [152, 163]. 

 

1.2.4 From vagal NCC to enteric NCC: the role of paraxial tissue 

When vagal NCCs through their pathway reach to foregut, they have acquired capacities 

not present in their precursors. This was observed in in vitro culture of aneural gut 

combined with vagal NT/NC [164]. In this combination, after 2 days culture, the donor 

NT/NC provided very few cells that entered the gut mesenchyme, and these never formed 

chains, which is the characteristic migratory form of enteric NCCs. It is unlike the aneural 

gut combined with E4.5 quail midgut, in which donor NCCs from midgut rapidly 

colonized aneural gut tissue in large numbers as chains of cells within the same 

timeframe. However, if the donor vagal NT/NC was combined with paraxial tissue, which 
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mimics the vagal NC normal pathway, this conferred enteric migratory ability, the NCCs 

were able to enter the tissue in high numbers and formed chains. These studies 

demonstrated that the “enteric NCC” represents a real functional difference from “vagal 

NCC”. The paraxial tissue along the vagal NCC pathway play a key role for the 

transforming from vagal NCCs to enteric NCCs. 

 

The effect of paraxial tissue on vagal NCC to enable efficient enteric colonization 

involves Retinoic Acid (RA) signalling which upregulates receptor tyrosine kinase (RET) 

expression of vagal NCC. In the chick-quail combination in vitro culture mentioned 

above [164], the paraxial tissue’s ability to promote gut colonization is reproduced by the 

addition of RA to vagal NT/NC donor culture and the RA receptor inhibitor CD2665 

disrupts chain formation and gut colonization in the E4.5 quail midgut donor culture. In 

addition, RA application to vagal NT/NC in vitro upregulates NCC expression of RET. 

The upregulated expression of RET by RA signalling is critically important for normal 

enteric colonization. This is further confirmed in zebrafish where loss RA severely 

compromises the integrity of cell chains and prevents the colonization of NCCs. Ectopic 

expression of RET receptor is sufficient to rescue gut colonization after RA loss [165].  

 

RA signalling acting upstream of RET may be through the induction of vagal level Hox 

family members such as Hoxb5. The Hoxb5 gene is expressed in vagal NCC [166] and 

in the enteric NC migration front [167]. Hox genes, including Hoxb5 are readily 

upregulated following RA treatments in the early vertebrate embryos and in ES cells in 

vitro [168-171]. Recent studies shown that Hoxb5 enhances the transcription of RET 

[172, 173], and inhibition of Hoxb5 specifically in the vagal NC downregulated RET 

expression and retarded enteric NCCs migration and caused hypoganglionosis [174]. 

 

Once entered into the foregut and migrating along the intestine, all of the markers 

expressed by vagal NC en route to the gut are also expressed by the enteric NCCs within 

the gut wall for varying periods of time [175]. However, enteric NCCs starts to express 

specific markers which distinguish them from vagal NCCs. First the transcription factor 

Phox2b is expressed by enteric NCCs once they enter the gut mesenchyme [151]. It is 

required for RET expression as well as for the expression of MASH1 and Hand2 [176, 

177]. This is essential for the formation of ENS by regulating proliferation and survival. 

Another important transcription factor MASH1 is expressed by enteric NCCs upon 
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arriving in the foregut [178]. Loss of MASH1 expression results in missing enteric 

neurons specifically in the esophagus [179]. In addition, HAND2 is expressed by enteric 

NCCs when they colonize the intestine [180]. It is important for neurogenesis [181] and 

neurotransmitter specification [146] at later stages of ENS formation. 

 

1.3 The development and formation of the ENS 

To form the structurally and functionally mature ENS, the enteric NCCs migrate away 

from the gut entry points and spread uniformly through the gut. During this process, they 

respond to strong proliferative signals, increase their numbers dramatically [182] in order 

to generate enough precursors to populate the entire gut. Meantime, subsets of enteric 

NCCs undergo sequential lineage restriction before differentiating into many distinct 

subtypes of interconnected neurons and glia. The end result of all this is to form an 

integrated neuronal network within the myenteric and submucosal plexi [183]. Thus, the 

development of the ENS is a complex and highly dynamic process. Spatiotemporal 

control of these cellular processes, especially proliferation, migration, and differentiation, 

is critically essential for the formation of a functional ENS. 

 

1.3.1 Colonization of NCCs in the gastrointestinal tract 

1.3.1.1 The dynamics of enteric NCCs migration along the entire gut 

Once entering the foregut, the vagal NCCs, at which point they are referred to as enteric 

NCCs, migrate at a wavefront speed of approximately 40 m/h in both avian and mouse 

to colonize the entire length of the gut rostro-caudally [161, 184]. The wavefront of 

migration is strongly timetabled and the timing of enteric NCCs to reach specific 

landmarks along the gut has been described. In the chick, enteric NCCs fill the foregut 

around E3.5, reach the umbilicus at E4.5, and arrive at the cecal region at E5.5 and 

colorectum at E8.0. The entire length of the chick gut is fully colonized by enteric NCCs 

by E9 (Figure 1.6) [16]. In mouse, enteric NCCs migrate through midgut and approach 

the cecum by E10.5. By E11.5, enteric NCCs have passed the caecal bulge and by E12.5 

they have entered the hindgut. Colonization is complete around E14.5 when enteric NCCs 

reach the end of the hindgut (Figure 1.7) [17, 175, 185-188]. In humans, vagal NCCs 

enter the foregut at week 4 and reach the terminal hindgut by week 7 [189]. 
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Figure 1.6 Timetable of chick enteric NCC colonization. The wavefront of colonization is 

indicated by the tip of an arrow, the entire gut rostral to this point contains NC-derived 

cells. (From Newgreen et al. 1996). 
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Figure 1.7 Timetable of mouse enteric NCC colonization. Colonized area of enteric NCCs 

(shaded area) in the gut of E10.5–E14.5 mice. (From Young and Newgreen 2001) 

 

During early stages of migration, enteric NCCs migrate in the outer half mesenchyme of 

the foregut and midgut, but shortly after colonizing a region, they form a narrow layer in 

close proximity to the serosa, where myenteric ganglia will later form [19, 161, 175, 186]. 

In the midgut, a subset of myenteric NCCs undergo a secondary centripetal migration 

toward the epithelium to colonize the submucosal mesenchyme and eventually give rise 

to the submucosal plexus [82, 190, 191]. In the hindgut, the myenteric plexus develops 

prior to the submucosal plexus is also seen in all species, with the only exception being 

the avian. In avian colorectum, NCC initially migrate within the submucosa then undergo 

a secondary migration that give rise to the myenteric plexus [175, 192, 193]. In avian and 

human, colorectum plexuses have been developed before birth, whereas in mouse the 

colorectal submucosal plexus develops postnatally [189, 192, 194].  

 

Beside the rostocaudal wave of vagal NC-derived cells to colonize the gut, in the mouse, 

there is a short cut for a subpopulation of vagal NCCs which avoids the cecum and crosses 

from the distal midgut to the hindgut through the mesentery during a developmental time 

period in which these gut regions are transiently juxtaposed as a U-shaped loop. This 

“trans-mesenteric” pathway provides the majority of the hindgut ENS. Blocking this 

pathway by separating the midgut from the hindgut delays the hindgut colonization, 
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suggesting that “trans-mesenteric” pathway is required for efficient hindgut colonization 

in mouse [195]. 

 

In addition to vagal NCCs, a few days after waiting at the hindgut, a subpopulation of 

sacral NCCs migrate into the distal hindgut along nerve fibers extending from the pelvic 

plexus [152, 162, 163, 196]. Then these sacral NCCs colonize the gut caudorostrally and 

only present throughout the post-umbilical gut. In this gut region the ganglia are made up 

of a mixture of enteric neurons and glial cells arising from the vagal and the sacral levels 

of NC, but the proportion of ENS cell derived from sacral NC is small and declines 

rostrally [19]. In avian, using chick-quail tissue recombination further demonstrated that 

the pelvic ganglia, but not the NoR serves as the sub-stage source of sacral NC-derived 

cells contributing to the avian hindgut, the NoR only extended neurofibers into the 

intestine [162]. 

 

In addition to the waves of vagal and sacral enteric NCCs colonizing the gut, in mouse, 

the subpopulation of trunk NC-derived SPCs invades the gut by migrating along and 

always in association with the extrinsic nerve fibers. These do not follow the rostocaudal 

or caudorostral migratory paths. In the large intestine, at E14.5, SCPs align along the 

extrinsic nerve. By E16.5, SCPs start to invade the gut and still express glia markers. 

SCPs begin to acquire neuronal phenotype in the perinatal period and all of the SPCs 

become neurons at P21, indicating that neuronal differentiation of cells occurs during the 

postnatal period [154]. 

 

1.3.1.2 The cellular mechanisms that drive enteric NCCs migration  

To efficiently colonize the gut, a critical number of NCCs is required. When the number 

of vagal NCCs is reduced by partially ablation, this early quantitative reduction results in 

the distal intestine failing to be colonized, an outcome resembling the human enteric 

neuropathology, Hirschsprung disease (HSCR) [18, 116, 157, 197]. Furthermore, the 

effect of NCC number in developing gut on colonization behaviour was also observed 

when a small number of the most caudal NCCs were isolated from the bulk of the ENS 

population. In this case the migration rate of the isolated cells was drastically reduced 

[184]. The starting number of vagal NCCs population has been investigated in chick and 

mice embryos, in which about 1000-2000 vagal NCCs enter the foregut [107, 175]. In 
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small intestine and colon of adult mice, there are over one million neurons plus an equal 

number or higher number of glial [182], therefore, this population must undergo 

expensive proliferation in the gut during development to form the ENS. Thus, the pool 

size of vagal NCCs arising from the NT and proliferation within the gut are fundamentals 

for sufficient colonization. 

 

During normal development, vagal NCCs colonize the gut rostrocaudally, that is,  

unidirectionally. However, in transplants of vagal NT/NC to sacral region, the donor 

NCCs colonize the gut in the reverse direction [88]. In addition, when enteric NCCs are 

co-cultured with aneural mice and chick gut, they migrated similarly from caudal-to-

rostral as they do from rostral-to-caudal [79, 100]. Furthermore, time-lapse image showed 

that the individual living NCC migration rate and trajectories are unpredictable [94, 184, 

185]. These results imply that the direction of vagal NCC migration is neither 

predetermined within the NCC nor within the gut environment. The major driving force 

behind the colonization of the gut by NCC was described as “population pressure” [100]. 

 

According to physiologically unidirectional colonization and the concept of “population 

pressure”, several scenarios for vagal NCC colonization along the gut are raised. These 

scenarios are demonstrated by notionally labelling “phalanxes” of ENS cells (Figure 1.8) 

[100]. The first model proposes that the leading NCCs occupy putative niches in the gut 

and then cease migrating. The following cells move past them before ceasing migration 

on encountering more caudal NC-free niches (“leapfrog”, Figure. 1.8A). Another 

possibility involves proliferation with widespread ENS cell neighbour exchange (“mixing 

expansion”, Figure. 1.8B). This model predicts that NCCs from a particular phalanx 

during an early stage will mingle with NCCs from other phalanxes. A further model 

(“shunting expansion”, Figure. 1.8C) suggests that the initial spatial order of NC 

phalanxes is retained although the zone of occupation shifts and expands due to combined 

migration and proliferation. A final model (“frontal expansion”, Figure 1.8D) suggests a 

vanguard phalanx of NCCs are chiefly responsible for the colonization of essentially all 

the remaining uncolonized gut, while rearguard NCCs rostral to (behind) the vanguard 

are essentially immobile.  
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Figure. 1.8. Scenarios for vagal NCC colonization along the gut. (A) The leapfrog 

conceptual model for NCC colonization of the gut displays a rolling sequence whereby 

each cell phalanx overtakes the preceding phalanx before becoming stationary. (B) The 

mixing expansion model involves NCC proliferation together with large scale mixing of 

NCCs as the gut is colonized. (C) The shunting expansion model predicts that NCC 

colonization of the gut results from all NCC phalanxes expanding their zone of occupation 

with minimal mixing. (D) The frontal expansion model predicts that the vanguard NCC 

phalanx is chiefly responsible for the colonization of the gut, with rearguard cells 

effectively stationary. (From Simpson, M.J., et al., 2007) 

 

These scenarios are tested using chick-quail “kebab” combination grafts in vitro [100]. 

When a section of NCC colonized quail donor gut mesoderm is grafted into the colonized 

region of the chick host gut which is behind the colonization front, the donor NCCs are 

relatively static and neither expanded into adjacent host mesoderm nor mixed with nearby 

host-derived NCCs. However, if donor colonized gut is grafted into the front region of 

the host colonizing gut, the donor NCCs extensively migrate caudally into previously 

unoccupied regions of host gut. When the grafts are exposed to BrdU, the front NCCs 

show much more rapid proliferation than behind NCCs. These results strongly support 

the frontal expansion model and suggest that the proliferation at the invading front is a 

key component driving intestinal colonization.  
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This frontal expansion mechanism was further confirmed in mouse model using time-

lapse imaging [94, 184, 185, 195, 198]. These experiments show that NCCs at the 

wavefront are highly proliferative and motile, whereas more proximal cells proliferate 

more slowly and are essentially stationary. Thus, the proliferation of enteric NCCs at the 

wavefront is a critical mechanism driving the invasive process.  

 

1.3.1.3 Features of migratory enteric NCCs 

The migratory behaviour of enteric NCCs has been intensively investigated in mouse and 

chick intestine using time-lapse live imaging [94, 184, 185, 195, 198]. In these 

experiments the migrating enteric NCCs exhibit different features, depending on their 

position relative to the wavefront. Close to the migratory wavefront, the enteric NCCs are 

in close contact with neighbouring NCCs and migrate in chains, indication the presence 

of cell-cell adhesive interactions between migrating NCCs [184, 185, 198]. However, 

individual cells frequently separate from each other and do not retain their spatial order 

[195], suggesting cell-cell adhesion is transient. The migratory speed and trajectories of 

individual cell are highly variable even though net movement of wavefront enteric NCCs 

is always caudal [94, 184, 198]. At the wavefront in mouse hindgut, enteric NCCs often 

closely associate with neurites of enteric neurons, but neurites are not required for chain 

formation, it is the enteric NCCs lead the way with neurites often located just rostral to 

(ie. behind) the leading enteric NCCs. These neurites generally act as substrates for the 

following enteric NCCs [94]. In regions well behind the wavefront, NCCs form web-like 

networks with cell-free spaces between cell clusters. Within the networks, individual 

NCC exhibit more restricted movement in the pre-existing chains with varied trajectories, 

some NCCs migrate across cell-free spaces from one cluster to another [184, 195, 198].  

 

1.3.2 The lineage of enteric NCCs 

Differentiation of NCCs into enteric neurons and glia undergoes a series of changes in 

phenotypes. Vagal and sacral NCCs start to express the general NCC marker Sox10 

before the onset of migration, and this is maintained until they reach and begin migrating 

along the gut [151, 199]. The expression of Sox10 is critically important for maintaining 

the progenitor state of NCCs by maintaining NCCs survival, inhibiting differentiation and 

maintaining proliferative [200-202]. Shortly after emigration from the NT, vagal NCC 
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expresses the low-affinity nerve growth receptor p75 [151, 187, 188, 203].  Upon 

migrating in proximity to the dorsal aorta, NCCs induce the expression of the 

transcriptional regulator Phox2b and the receptor tyrosine kinase RET [151, 176, 204, 

205]. The RET receptor has a center role in supporting enteric NCC survival, 

proliferation, and migration [4, 182, 206-211]. As the NCCs enter the gut, all markers 

expressed by NCCs en route to gut remain for varying periods of time. While enteric 

NCCs migrate through the gut mesenchyme, the most caudal cells which are 

undifferentiated enteric NCC retain co-expression of Sox10, Ret, p75 and Phox2b [187, 

188, 212]. Behind the migratory front, a subpopulation of cells starts to differentiate into 

neurons which express pan-neuronal markers such as the ubiquitin hydrolase PGP9.5, 

neurofilament (NF), neuronal class III β-tubulin (Tuj1) and the RNA-binding proteins 

HuC/D [212-215]. These pan-neuronal markers are accompanied by downregulation of 

Sox10 and p75, maintenance of Ret and Phox2b expression [212-215]. A long way behind 

the migratory wavefront, glial progenitors are identified by expression of brain-specific 

fatty acid binding protein (B-FABP) [212]. These cells also maintain Sox10 and p75 

expression [212]. Besides Sox10, p75 and BFABP, adult ENS glial cells express S100 

and glial fibrillary acidic protein (GFAP) [212, 216]. 

 

1.3.3 Differentiation of the enteric NCCs 

Before reach the foregut, the migrating NCCs are multipotent. Once within the gut, to 

form the mature and functional ENS, these enteric NCCs must generate a vast array of 

phenotypically diverse neurons and glial cells in a spatiotemporal controlled manner. This 

raises the question that how and when cell type specification is initiated during ENS 

development. 

 

1.3.3.1 Generation of the enteric neurons 

Enteric neurons appear shortly after invasion of the foregut mesenchyme by enteric 

NCCs. But depending on the species, differentiation of enteric NCCs begins at different 

times during the migration process. The appearance of enteric neurons in the developing 

chicken gut is first in the foregut at E3.5 and is found progressively at more caudal 

locations in the gut as development proceeds [217, 218]. Nascent neurons are present 

around the umbilicus at E4.5, at the cecal region at E6.5, and within the rectum at E7.5-

8.5. Neurons appear slightly later in the esophagus [218]. In mice, shortly after NCCs 
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enter the foregut at E10-10.5, a sub-population (10–20%) starts to differentiate into 

immature neurons and expresses the pan-neuronal markers [187, 219]. Some of these 

immature neurons continue to migrate caudally along the gut in close association with 

undifferentiated crest-derived cells, although at a lower speed and for limited distances 

[220]. By 14.5, around 47% of NCCs in the small intestine express neuronal proteins, and 

the proportion of the differentiated neurons does not change dramatically at later 

developmental stages [212]. NCCs expressing pan-neural markers are considered to be 

progenitors at this stage, since they lack neuron-subtype specific markers and continue to 

proliferate until differentiated into diverse enteric neuron subtypes [215]. In both mice 

and chick embryos, cells expressing pan-neuronal markers are present close to the 

migratory wavefront [157, 187, 214, 217]. 

 Differentiated enteric neuronal subtypes appear at varying time points of development, 

as studied in the mouse [221-225]. Some enteric neuron subtype-specific markers are 

expressed early during the development of the ENS, and some of them only at postnatal 

stages [223, 225, 226]. The first appearance of various neuronal subtypes in the ENS has 

now been well studied. In embryonic mice, the earliest expressed neuronal cell-type 

specific marker is nNOS, appearing around E11.5 [214, 219, 227], slightly after the first 

appearance of pan-neuronal markers. Other subtypes, such as neuropeptide Y (NPY) can 

be first detected at E13–13.5 [221], substance P, VIP, and 5-HT neurons appear around 

E14-14.5 [221, 225], calcitonin gene-related peptide (CGRP) can be first detected at E17–

17.5 [221, 225], ChAT and VAChT markers themselves do not appear until around 

E18.5[224]. Almost all myenteric neurons are born in the small intestine by P10 [228, 

229]. 

Since the differentiation of enteric NCCs into distinct neuronal subtypes is an 

asynchronous process, so the earlier born neurons have the potential to influence the 

developmental decisions of later born neurons. For example, 5-HT-producing neurons are 

among the earliest-born neurons in the ENS [229], and the 5-HT expression in these cells 

seems to influence the development of later-born neuronal populations [230]. In addition, 

the inhibition of neuron electrical activity in the early development decreases the number 

of early born nNOS neurons close to the migratory wavefront [227], therefore the 

interdependence of different types of enteric neuron is not limited to the later born 

populations.  
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1.3.3.2 Axon extension/neurites and innervation 

Enteric neurons must extend processes to the correct location and form appropriate 

contacts with diverse cell types of targets including other enteric neurons, interstitial cells 

of Cajal, smooth muscle, endothelial cells, mucosal epithelia, and intestinal glands [10]. 

Different subtypes of enteric neurons differ in the targets they innervate and the direction 

that their axons project. For example, most intrinsic sensory neurons have multiple axons 

that project circumferentially around the gut and to the mucosa, whereas excitatory motor 

neuron axons project mostly rostrally (orally) and inhibitory motor neurons project 

mostly caudally (anally) within the longitudinal axis of the myenteric plexus before 

entering circular or longitudinal muscle [3, 231, 232].  

Shortly after each gut region is colonized by enteric NCCs, many of the early 

differentiating neurons develop a long longitudinal process which projects anally in the 

same direction, along the same pathway and in close association with the migrating vagal 

enteric NCCs [214, 233]. Circumferentially and orally projecting neurites appear later 

during late embryonic and early postnatal development [214, 234, 235]. Furthermore, the 

longitudinal processes of individual neurons form prominent bundles of fiber shortly after 

each gut region is colonized by enteric NCCs [214, 236].  

Interestingly, the direction of early enteric neuron axons co-varies with the direction of 

enteric NCC migration [214]. When enteric NCCs are co-cultured with an aneural hindgut 

taken from E11.5 mouse embryos and forced to migrate caudorostrally by placing them 

at the caudal end of the hindgut, most of the neuron axons project rostrally following the 

new direction of enteric NCC migration [214]. However, whether axons extension rely 

on enteric NCCs or vice versa, or whether they are both following a common 

environmental cue is still unknown.  

 

1.3.3.3 Generation of the enteric glia 

In addition to neurons, the ENS comprises a large number of supporting glial cells, which 

are in fact equally (small vertebrates) or more abundant (large animal species including 

human) than enteric neurons [237]. These enteric glial cells are found in both myenteric 

and submucosal ganglia and in the interconnecting nerve strands, which are closely 

associated with enteric nerve cell bodies and their axons [238]. 
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During ENS development, the differentiation of glial cells is different between species. 

In mice, glial precursors are first identified in the developing ENS at E11.5 by the 

expression of BFABP, these cells are located mainly in the foregut and rostral midgut, 

well behind the migratory wavefront. At E12.5, BFABP cells are present in the rostral 

and mid regions of the small intestine, but not in the caudal small intestine or the large 

intestine [212]. These suggest that enteric glial differentiation lags behind enteric neuron 

differentiation. However, formation of new neurons persists after the appearance of glial 

cells indicating that even though gliogenesis begins after neurogenesis has begun, 

neurogenesis and gliogenesis co-exist during ENS development.  

BFABP is found exclusively in glial cells and is considered as an earliest marker for 

enteric glial lineage [212]. Other mature markers that identify differentiated enteric glia 

are S100β [239] and GFAP [11]. In the gut of embryonic mice, S100β expression can be 

first detected at E14.5 [212] and GFAP starts to be expressed at E16.5 [216]. 

Unlike in the mice, in the embryonic chick, enteric NCCs expressing glial markers are 

present at early developmental stage of E3.5 and close to the migratory wavefront [217]. 

At the wavefront, the neurons and glia appear in neighbouring cells with the chains of 

enteric NCCs [217]. These results suggest that in chick embryo, the generation of enteric 

glia and neurons is parallel during ENS development. The mature glia marker GFAP, 

cannot be detected until late embryonic stages in mice [216], whereas in embryonic 

chicks, it could be detected at very early stages [217, 240]. 

1.3.3.4 Ganglion formation 

The dynamics of ENS ganglion organization have been well investigated. During ENS 

development, the migrating NCCs colonize the gut as chains of cells. These chains 

constitute the primary pattern of organization at the leading edge of the migration wave 

(Figure 1.9 a) [241]. Behind these leading chains, the NC-derived cells become 

intertwined to form a mesh-like network of interconnected strands [217]. The number of 

cells and the complexity of the network increase in a caudal-rostral direction (Figure 1.9 

b) [241, 242]. Neurons initially appear as single or multiple cells within the NCC chains 

at the leading edge. As the front moves caudally, far enough behind the wavefront, these 

neurons become located at branch nodes, presaging the sites of enteric ganglia formation 

(Figure 1.9 c) [217, 241]. This sequence of re-organization of the ENS occurs at all levels 

of the intestine, although later in more distal regions. Re-organization of the SMP is 
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similar to but later than that of the MP and the ganglia are smaller, except in the avian 

colon where the SMP ganglia are larger and form earlier. 

 

Figure 1.9. Enteric ganglia become spatially organized during gut colonization in the 

avian embryo. Neuronal labelling for HuC/D (red), enteric NC labelling for SoxE (blue). 

(a) Chick E6 distal midgut (close to wavefront): enteric NCCs in chains with few neurons. 

(b) Chick E6 proximal midgut (well behind wavefront): increasing numbers of neurons in 

small groups. (c) Quail E8 midgut (far behind wavefront): neurons form large coherent 

clusters with enteric NCCs around the edges. (From Hackett-Jones et al., 2011). 

In more detail in chick embryos, the network of enteric NC-derived cells is first found in 

the primordium of the proventriculus at E3.5, and its organization changes with 

embryonic age [242]. At E3.5, the network consists of a cluster of one or two adjacent 

NC-derived cells, which are arranged in longitudinal strands. At E4.5 the density and 

complexity of the array have increased and more cells are clustered at nodes in the array. 

At E5.5 the size of the cell clusters has increased, and the clusters of the cells are further 

apart. At E6.5 the number of cells in the cluster or putative ganglia has increased greatly 

and a crude meshwork of clusters is seen. By E10.5 the arrangement of cell clusters is 

stabilized which resembles the pattern of ganglia found in the adult myenteric plexus.  

Similarly in the mouse, although there is some clumping of enteric NCCs when they first 

colonize a particular region of the gut, the NC-derived cells are mainly evenly distributed, 

no distinct neural cell clusters can be identified [175, 212]. In the mouse midgut, the 

reorganization of NC-derived cell distribution to ganglionic ENS occurring within 2–3 

days of first arrival [175, 188]. 
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In the mature ENS of mammals and birds, a vast number of enteric neurons and glial cells 

are clustered into multiple interconnected ganglia, which are varied in size and shape 

depending on their species, gastrointestinal region and which plexuses they are located 

in, and each ganglia contains different neuronal types intimately associated with the glial 

cells (Figure 1.10) [243, 244].  

 

Figure 1.10. The relation between myenteric enteric neurons and glia in the adult 

mouse colon visualized by immunohistochemistry. (A,C) Colon stained for the pan-

neuronal marker HuCD (red) and various enteric glial cell markers (green) S100 (A), 

GFAP (B), and Sox10 (C). (D,E) Colonic myenteric ganglion labeled with antibodies for 

S100 (glia, yellow) and HuCD (neurons, magenta) and for vAChT (cyan) and substance 

P (gray) revealing the close apposition of neurons with several neurotransmitter types 

with enteric glial cells (F). Scale bars: 25m (A–C), 10m (D). (From Boesmans et al., 

2013). 

 

The cells forming an individual ganglion do not arise from a single enteric NC progenitor. 

This is demonstrated by back-transplantation of quail gut containing NC-derived cells 

into vagal region of chick embryos containing host migrating NCCs. In this experiment, 

the enteric ganglia of the chick host contained both quail and chick NC-derived cells 

[245]. Hence the individual ganglion does not arise from a single progenitor cell. The 

multiple progenitor origin of enteric ganglia has also seen in an adult mosaic mouse in 

which 50% of the cells express the reporter gene. In this mouse model, the enteric ganglia 

are almost always composed of a mixture of reporter gene positive and negative cells 
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[175]. In addition, neurons of a particular type within an individual ganglion are also not 

clonal, since in this mosaic mouse model, within a single ganglion, neurons of a particular 

type often include both reporter gene positive and negative cells [175].  

The mechanisms that control ENS ganglion formation are still not fully understood, but 

the role of C-CAMs and ECM-cell adhesion molecule (ECM-CAM) on this process has 

attracted attention. Enteric NCCs express a number of different cell adhesion molecules 

[75, 192, 246-250]. These are thought to be required for enteric NCC migration and 

ganglion formation. For example, disruption of theactivity of L1CAM (a C-CAM) slows 

NCC migration and increases the number of solitary NCCs [246]. In addition, depletion 

of β1-integrin (an ECM-CAM) in enteric NCCs results in abnormal ENS aggregates in 

the gut wall, leading to a severe alteration of the ganglia network organisation [75, 247]. 

Interestingly, the morphogenetic disturbance of ENS gangliogenesis caused by genetic 

ablation of β1-integrin can be partially corrected by deletion of the C-CAM N-cadherin 

[251], indicating cell adhesion molecules are cooperating during the development of 

ENS. 

Enteric neurons, glia and progenitor cells show differential labelling for various C-CAMs. 

For example, migrating avian enteric NCCs at the wavefront co-expresses N-cadherin 

and L1CAM, but L1CAM is down-regulated by enteric glial cells behind the front, 

whereas enteric neurons express L1CAM, NCAM and N-cadherin [192]. The forming 

ganglia are characterized by the presence of clustered enteric neurons centrally with glial 

cells positioned peripherally [192]. This character may be determined by the differential 

adhesion of neuron and glial cells. So, correct expression of C-CAMs dynamically is 

essential to achieve correct ENS ganglionic morphogenesis.   

1.4 Defect of ENS and potential cell therapy 

1.4.1 Hirschsprung disease 

The most common and best known developmental ENS defect is HSCR, which is 

characterised by an absence of enteric neurons in a variable length of the most distal part 

of the intestine [252]. HSCR affects approximately 1 in 5000 live births and the ratio of 

male to female is about 4:1 [253]. 

HSCR is caused by a failure of enteric NCCs to colonize the entire length of the gut rather 

than a failure of enteric NCCs or enteric neurons to survive or differentiate in these 
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regions [2, 254]. The extent of the aneural region is very variable in lengths of the 

intestine. In 80% cases, this occurs a short segment and only affects the rectum and a 

short portion of the colon, so-called short-segment HSCR. Occasionally, there is much 

greater involvement and affects longer tracts of the colon, so-called long-segment HSCR. 

Even more rarely, it presents as total colonic or total intestinal aganglionosis [255-259]. 

Despite this emphasis on the distal location of aganglionosis, a rare variant termed skip 

segment HSCR also occurs [260]. In this form, an “island” of ganglionated bowel of 

variable size and variable ganglion density occurs with aganglionic segments both oral 

and anal to it [261, 262]. Most (90%) skip segments have been detected in a total colonic 

aganglionosis region [262]. Skip segments are typically in the caecum, the ascending 

colon or the transverse colon [262]. Skip segments in the more distal colon are rare. 

The region without enteric neurons is termed the “aganglionic” zone. This defect causes 

the tonic contraction of the affected bowel segment and unability to transmit a motile 

relaxation and contraction (peristaltic) wave, resulting in mechanical obstruction [263]. 

As a consequence, the region proximal to the aganglionic zone, which contains enteric 

neurons, is distended forming a “megacolon” due to an accumulation of faecal contents. 

Infants with HSCR often have severe chronic constipation, abdominal distension, 

vomiting, growth failure and are at risk of dying from the complications of toxic 

megacolon [264].  

The diagnosis is based on the characterized presentation of failure to pass stool, distended 

abdomen, vomiting or enterocolitis, but definitive diagnosis of HSCR relies on 

histological identification of aganglionosis from biopsies of the gut wall [265, 266]. In 

early cases, HSCR is diagnosed within the neonatal period, but only about half of children 

with HSCR are diagnosed by 1 year of age, and 80% are diagnosed by 7 years [267, 268].  

The current treatment for HSCR is surgical resection of the aganglionic segment of the 

bowel and re-anastomosis. However, the outcome is variable, and the intestinal 

dysfunction, such as constipation, faecal incontinence and enterocolitis may persist after 

surgery [269, 270]. It is still unclear whether the postoperative dysfunction is related to 

the surgery or to the potentially abnormal function of the residual ENS with the primary 

aganglionic defect. Long segment HSCR is particularly problematic for treatment, 

generally it is needed to remove enough small bowel, this will cause short-gut syndrome, 

resulting in long-term parenteral nutrition for survival. Without surgical intervention 
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HSCR is almost always fatal. Surgical resection eliminates mortality, but the long-term 

consequences after the operation still can be a lifetime of gastrointestinal problems, 

including constipation, faecal incontinence and enterocolitis [269, 270]. 

1.4.2 Potential stem cell therapy for HSCR 

HSCR has been described as a defect of NC stem cells, and the outcomes of the currently 

available treatments is often unsatisfactory [271]. A number of recent studies have 

suggested that stem cells replacement therapy could be a potential treatment for HSCR, 

by which the missing ENS cells in aganglionic segment could be repopulated, and the 

functional ENS could be formed [2, 272-275].  

 

The existence of stem cells in the fetal and postnatal ENS has long been established in 

rodents and humans [271, 273, 276-281]. These endogenous ENS-derived 

stem/progenitor cells (ENSCs) isolated from the rodent bowel can colonize embryonic 

aneural gut and form ENS both in vitro [277-280] and in vivo [275, 282].  Importantly, 

following transplantation of postnatal mouse ENSCs into the wall of colon of postnatal 

normal and HSCR-model mice in vivo, ENSCs proliferate, migrate, assemble into 

correctly placed ganglia and give rise to newborn neurons which extend axons, make and 

receive synapses and show electrical activity and display long term survival [283, 284]. 

Similarly, the human ENSCs isolated from fetal or postnatal bowel of children and adults, 

including some patients with HSCR, can proliferate, migrate and differentiate into some 

types of neuron and glia in appropriate positions [273, 276, 285-287], and restore some 

function [272] when transplanted into animal models of HSCR. Encouragingly, the 

ENSCs derived from HSCR patients can establish ENS in aganglionic bowel of the same 

patients [288], this provides the ability to perform autologous transplantations, thus 

avoiding the need for immunosuppression. 

 

Besides ENSCs, the therapeutic potential of CNS-derived stem/progenitors (CNSCs) was 

also demonstrated. Following transplantation of CNSCs into the wall of the bowel, 

CNSCs can survive, differentiate into neuron and ameliorating gut motility disorders 

[289-292]. These support the use of CNSCs in the treatment of gastrointestinal motility 

disorders. However, CNSCs are not as efficient as ENSCs at migration and neuronal 

differentiation in the gut [292, 293]. More important, CNSCs are not easily accessible 

involving highly invasive procedures [294]. 
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NC-derived stem cells (NCSCs) could also been obtained from many other more feasible 

sources in somatic tissues, which may potentially be used for enteric neuronal 

replacement, including sciatic nerve [277, 295], hair follicle bulge [296], and dental pulp 

[297, 298]. However, when transplanted directly into the gut wall, NCSCs isolated from 

the sciatic nerve failed to migrate into the gut or give rise to enteric neurons [299]. This 

suggests that enteric potential is not a general property of NCSCs, there are intrinsic 

differences in the migratory properties and developmental potentials of regionally distinct 

NCSCs [299]. 

 

Despite the efficiency at migration and differentiation, ENSCs account only 1% of the 

cell in the E14.5 rat gut [277], and in the postnatal gut the percentage even smaller with 

decreased renew and differentiation ability [279]. However, for HSCR patient, in order 

to efficiently colonize the aganglionic bowel and generate an appropriately dense ENS, 

extremely large numbers of ENSCs are needed [300].  

 

Pluripotent stem cells (PSCs) provide an exciting alternative to ENSCs in treating HSCR. 

PSCs have a near unlimited capacity for self-renewal and have the ability to give rise to 

any cell type, including enteric neurons [301, 302]. This means that the requirement of 

large numbers of cells for ENS cell therapy can be fulfilled with PSCs. In addition, iPSCs 

could be generated from patient autologous tissue, such as skin or blood, which could 

avoid immune rejection. Furthermore, PSCs are easily genetically manipulated. For 

patient-derived iPSCs, which containing disease related mutations, these are readily 

corrected using CRISPR/Cas9 or other gene manipulation techniques [303]. However, 

protocols to obtain large numbers of ENSCs from PSCs are only now being systematically 

defined [304]. 

Numerous previous studies have demonstrated that PSCs can be induced into “NC-like 

cells” [305-309]. However, these cells are more like rostral hindbrain cranial NCCs, 

which are Hox negative. Such NCCs do not normally give rise to enteric derivatives [309]. 

Recent studies generate “vagal NC-like/enteric NC-like cells” from human PSCs [300, 

304, 310]. By further addition of RA [300, 304], induced “vagal NC-like/enteric NC-like 

cells” express vagal NC specific identity Hoxb2-b5 and also early enteric NCC markers 

of Pax3, Phox2b, MASH1, EdnrB and RET. Subsequent 3D spheroid culture treated with 
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GDNF and ascorbic acid induces immature enteric neuron expression of Tuj1. With time, 

a broad range of mature enteric neuron subtypes are produced including 5HT, GABA and 

NOS neurons. In addition, the enteric glia marker GFAP is also expressed in the later 

stages [304]. Nevertheless, many of these markers are found broadly in cells of the ANS, 

and also in CNS cells. At present the best test of vagal NC-like/enteric NC-like identity 

is functional: can they colonise gut or gut explants efficiently and form enteric plexuses? 

Alternatively, the “vagal NC-like/enteric NC-like cells” can also be generated by co-

culture of “neural rosette formation and ROCK inhibition” induced NC-like cells with 

gut explants [310]. The NC-like cells derived from neural rosette formation and ROCK 

inhibition co-express NC-specific markers, including Sox10, AP2α, Brn3a and Isl1, and 

small population expressed the vagal NC markers of Hoxb2 and Hoxb3. Co-culture these 

cells with gut explants for 10 days, the vagal and enteric NC specific genes, including 

Hoxb2, Hoxb3, Hand2 and Ednrb are upregulated. Maintain this co-culture for 6-8 more 

weeks, these cells can be readily to induce to express the mature enteric neuron subtype 

markers of VIP, ChAT, calretinin, TH and nNOS. 

The migration and differentiation ability of the “vagal NC-like/enteric NC-like cells” was 

evaluated. When these “vagal NC-like/enteric NC-like cells” transplanted into the 

aganglionic gut, the “vagal NC-like/enteric NC-like cells” showed extensive colonization 

and differentiation capacity, generating neurons and glial cells that expressed phenotypic 

markers characteristic of the ENS [300, 310]. Furthermore, transplantation of human 

“vagal NC-like/enteric NC-like cells” into the colon of HSCR mice, rescue disease-

related mortality [300].   

 

1.5 Aims of this thesis 

In summary, the most of ENS cells are originally derived from a small population of vagal 

NC with a lesser contribution of sacral NC to the distal part of colon. The vagal NC must 

undertake specification, delamination and migration through their pathway to reach the 

foregut. During this process, vagal NCCs response to surrounding growth factors and 

express a series of transcription factors and surface receptors. Once entering the foregut, 

the enteric NCCs colonize the entire length of the gut rostrocaudally. During this process, 

enteric NCCs undertake extensive proliferation, migration and differentiation in order to 

form functional ENS ganglionated network. 
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However, a number of questions underling the cellular mechanisms that spatiotemporally 

direct ENS development remaining to be known. For example, as a question of fating, 

how do NCCs from each single somite level of the vagal NT contribute to the final ENS? 

As a question of competence, do vagal NCCs from different single somite levels have 

equal ability to form ENS? What is the expansion potential of early enteric NCCs? Does 

each single enteric NCC numerically contribute roughly equally to the final ENS, or do 

contributions vary widely in size? Do enteric NCCs keep their colonization capacity 

forever? How do ENS cellular components interact in controlling enteric NCC 

colonization, differentiation, and axon extension and ganglion formation? 

In this thesis, these questions will be explored using the avian embryo model system 

combined with complex methods:  

 First, using single somite focal labelling and CAM graft of combination of single 

somite level neural anlage with aneural gut to find fine scale differences within the vagal 

NC regarding the fate and competence for ENS formation. 

 Second, using a cell lineage tracing technique to investigate how individual initial 

enteric NCCs contribute to final ENS during development and what mechanisms are 

behind this. 

 Third, using chick-quail grafts to investigate whether cells of the ENS retain their 

colonization capacity during development, and explore the possible influential factors.  

 Fourth, using chick-quail kebab technique to investigate how enteric NC/glia cell 

and neuron interact to direct NC invasion and axon extension. 

 Finally, using cell-cell aggregation assay to study the possible mechanism that 

control ENS ganglia formation and explore the roles of cell-cell adhesion in this process. 

The detailed method protocols are described in the next Chapter. The knowledge obtained 

from this thesis might be eventually helpful in developing cell replacement therapies for 

neurocristopathies such as HSCR. 
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2 Materials and Methods 
 

2.1 Materials 

2.1.1 Reagents 

Serums 

 Bovine Serum Albumin (BSA): use at 0.5% (Thermo-Fisher, USA) 

 Fetal calf serum (FCS): use at 3 or 10% (CSL, AUS)  

 Heat inactivated fetal calf serum (ΔFCS): use at 2% (Thermo-Fisher, USA) 

Culture medium 

 Avian embryo dissecting medium: Ham’s F12 (Prepared by Laboratory Service 

at Murdoch Children’s Research Institute (MCRI), using F12 from 

Invitrogen/Gibco (Carlsbad, CA) following manufacturer’s instructions) 

 Avian organ culture medium (TCM): 10% FCS (CSL, AUS), 1% 

Penicillin/Streptomycin (P/S) (CSL, AUS), 1% Glutamine (Glu) (CSL, AUS) in 

F12 plus quail embryo extract (QEE) (one embryo/10 mL, see below) 

 Avian ENS cell aggregates culture medium (low serum): 2% ΔFCS, 0.5% BSA, 

1% P/S, 1% Glu in F12 (to detect ENS cell aggregates without proliferation) 

Tissue dissociation enzymes 

 CLSAFA Collagenase: use at 0.5 mg/mL (Worthington Biochemical, 

Lakewood, NJ, USA) 

 Dispase II: use at 2-5 mg/mL (Roche, Switzerland) 

 EDTA: use at 1 mM (Sigma-Aldrich Sydney, AUS) 

 EGTA: use at 1 mM (Sigma-Aldrich Sydney, AUS) 

 Trypsin: use at 0.05% (Roche, AUS)  

Extracellular matrix  

 Human plasma fibronectin (FN): use at 20μg/ml in PBS (Roche, Switzerland)  

 Rat laminin-1 (LN): use at 50μg/ml in PBS (Roche, Switzerland) 

 

Cell proliferation inhibitor (DNA synthesis inhibitor, Mitosis inhibitor) 

 Mitomycin-C: use in vitro at 5 g/mL for 2h (Sigma) 

 

Cell proliferation detection 
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 BrdU (Amersham Cell Proliferation Kit, GE Healthcare, UK) was prepared as 

per manufacturer’s instructions, used at: 

 For organ and cells culture in vitro: 1/1000 

 For quail embryo in ovo: 20 L/embryo 

 

Cell labelling agents 

 Agarose beads: About 100 m diam.; Cibacron blue 3GA beads, C1535, (Sigma, 

St. Louis, MO) 

 

 Cell vital dye  

Calcein AM: used at 0.25 g/mL (Invitrogen, USA) 

DiA: D3883, used at 2 mg/mL (Invitrogen, USA)  

DiI: D3911, used at 2 mg/mL (Invitrogen, USA) 

SP-DiI C18: D7777, used at 2 g/mL (Invitrogen, USA) 

 

 DNA Constructs 

 

Table 2.1. Constructs for cell labelling 

Constructs Function Supplier 

pCAGGS-T2TP 

 

Express transposase Dr. Yoshiko Takahashi,  

Nara, Japan. 

pT2K-CAGGS-GFP 1. Contain transposon 

2. Express EGFP 

Dr. Yoshiko Takahashi,  

Nara, Japan. 

pMes GFP Express GFP Dr. Catherine Krull  

Ann Arbor, MI, USA 

pdsRed-Express2-N1 Express dsRed BD Biosciences Clontech 

Franklin Lakes, NJ, USA 
 

These constructs were prepared using a QIAfilter Plasmid Midi kit (12243; QIAGEN, 

Hilden, Germany) and resuspended in water to 3.6–4 μg/μL 

 

Fixative 

 4% paraformaldehyde (PFA) in PBS (Sigma-Aldrich AUS) 

 

Reagents used for cell and wholemount tissue permeabilization  

 Triton X-100 (Sigma-Aldrich, USA), use at 0.1% in 1% horse serum in PBS 

 

Reagents used for frozen section preparation 
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 30% sucrose in PBS:  for Cryo-protection  

 Optimal cutting temperature (OCT) compound: for tissue embedding (Tissue-

Tek, Sakura Finetek Europe, Alphen aan den Rijn, Netherlands) 

 Iso-pentane: frozen tissue (BDH, Poole, England) (cooled on dry ice) 

 

Solutions for antigen retrieval 

 Sodium Citrate Buffer (10 mM Sodium Citrate, pH 6.0) 

Add 2.94g of Tri-Sodium Citrate and 22 mL of 0.2M HCL in 978 mL of dH2O, 

adjust pH to 6.0 

 

Block agent for immunostaining 

 1% horse serum (CSL, Melbourne, AUS) in PBS 

 

Antibodies: 

 The antibodies and other fluorescent probes used in this thesis are listed in Table 

2.2 and 2.3 

 

Mounting reagents 

 Vectashield antifade reagent (Vector Laboratories, Inc., CA, USA) 

 

 DABCO-Glycerol Anti-fade Mounting medium 

1) Dissolve 0.233 g DABCO (Sigma-Aldrich) in 0.8 mL dH2O 

2) Add 200 L 1M Tris pH 8.0 

3) Add 9 mL glycerol 

4) Add 1/500 of 10% azide 

 

General solutions 

 PBS: use at one tablet in 100 mL dH2O (OXOID, England) 

 

 

 

 

 

 

 

Table 2.2: Primary antibodies used in this thesis. 
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mab: Monoclonal antibody; pab: Polyclonal antibody 
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Table 2.3: Secondary antibodies, tertiary label and other fluorescent probe. 
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2.1.2 Animals (Avian embryos) 

White Leghorn/Black Australorp cross chicken (Gallus gallus domesticus) and quail 

(Coturnix coturnix japonica) eggs were obtained from Research Poultry Farm and Lago 

Game Supplies (Vic., Australia, respectively).  Eggs could be stored at 14C refrigerator 

for up to one week. For use, eggs were incubated at 38°C and 60% humidity. The embryos 

were staged by embryonic days (E), Hamburger and Hamilton stages (HH) [311] and, for 

embryos of less than E2.5, by somite counts (ss). 

 

2.1.3 Embryo extract 

One quail embryo was collected from E4.5 quail (QE4.5) and transferred with a broad 

glass transfer pipette into 1.5 mL Eppendorf tube containing 1 mL of TCM.  The embryo 

was dispersed by pipetting with a fine glass pipette, then the Eppendorf tube with embryo 

suspension was left in 38C incubator. After two hours, the embryo suspension was spun 

down (13,000 rpm), the supernatant was used as embryo extraction at 1/10 in TCM. 

 

2.2 Methods 

2.2.1 Identification of somite levels 

Following development, the first one or two somites lose clear segment boundaries. To 

identify somite levels after this has occurred, 2 μg/mL DiI (SP-DiI C18) was 

microinjected into s1 at HH9 (7ss) in ovo, and the embryos were allowed to continue 

developing. Then the DiI-labelled somite structure was identified (Figure 2.1). 

 

Figure 2.1. The identification of the first somite (s1). The anatomically indistinct 

borders was detected by labelling with DiI at E1.5 and observation at E2.5. (Otic 

vesicle=ov, Pharyngeal arch=PA). 
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2.2.2 Focal labelling of single segment vagal NCCs   

Preparation of beads with vital dye  

DiI and DiA (D3911 and D3883 respectively) were dissolved in ethanol at 2 mg/mL. 

Agarose beads were washed three times in distilled water. Five μL of bead solution was 

loaded as a standing drop into a sterile 3cm non-tissue culture dish and allowed to partially 

dry. Before the beads shriveled, 10 L solution of the lipophilic tracers was added on top 

of the drying beads. The beads immediately spread out on the dish with limited swelling.  

The ethanol was allowed to evaporate, then the shriveled beads covered with lipophilic 

tracers were ready to be used (Figure 2.2). 

 

Figure 2.2. Bead preparation 

 

Preparation of embryos 

Fertile quail eggs were incubated for 1.5 days in a constant 38C 60% humidity incubator. 

Conventional techniques as used for focal electroporation in ovo [312] were used to 

prepare the embryos. Briefly, 3 mL of albumen was removed via syringe from quail eggs, 

and the embryos were exposed by opening a window in the shell, after which the albumen 

was returned. To visualize the embryo, sub-blastodermal injection of India ink (Pelikan 

No. 17 Black; Pol Equipment, Sydney) in PBS (1:4 dilution) was used. The vitelline 

membrane was moistened with a few drops of PBS solution then, using a tungsten needle 

bent into a hook, a small tear was made in the vitelline membrane directly above the vagal 

injection site. Using a tungsten needle, a slit was made at the roof of the vagal level neural 

tube. 

 

Application of beads 

Conventional techniques as used for in ovo grafting [313] were used to insert beads in the 

vagal neural tube of QE1.5 (ss5-10, HH8+ to HH10) embryos with a tungsten needle, 

after which the eggs were sealed with adhesive tape and returned to the incubator.  When 

several beads were inserted in the one host, a separation of one or more somite-widths 
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was maintained.  It is important to place beads precisely initially; nudging them into the 

desired final position results in a trail of labelled cells.  The embryo age and somite level 

of insertion was recorded. 

Focal labelling was also performed by in ovo electroporation, for details see below. 

 

2.2.3 Electroporation 

DNA constructs 

The transposon mediated pT2K-CAGGS-GFP expression construct encoding EGFP, 

flanked by the ubiquitous promoter CAGGS which has recognition sequences for the 

transposon Tol2. The Tol2 transposase enzyme is provided by a separate transposase-

encoding episomal plasmid (pCAGGS-T2TP). The latter construct, when translated 

allows the first construct to be randomly and stably integrated into the host genome [314]. 

These electroporation constructs enable long term labeling of target cells. For short term 

labeling, the constructs pMes GFP and pdsRed-Express2-N1 could also be used to 

express GFP and dsRed, respectively (See table 2.1). 

 

Preparation of embryos 

The embryos were prepared as above. To evaluate the efficiency of electroporation on 

trunk neural tube, the QE1.8 to QE2.5 (ss17-26, HH12 to HH15) embryos were used; to 

label vagal NCCs, QE1.5 (ss5-10, HH8+ to HH10) embryos were used; to label ventral 

vagal neural tube in order to evaluate axon extension, QE2.5 to QE3 (HH15 to HH18) 

embryos were used. 

 

Injection of constructs 

A few μL of construct or constructs mix was loaded on a sterile 3 cm non-tissue culture 

dish in a standing drop. A trace of Fast Green dye (less than 0.5 μL) was added and mixed 

to allow for construct visibility. The standing drop was occasionally reconstituted with 

water to compensate for evaporation when the dish was open. Glass micropipettes 

(generated with program 4, model P-87, Flaming/Brown micropipette puller, Sutter 

Instrument Co., USA) were used to micro-inject the construct into the neural tube lumen 

for NT and crest transfection. 
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For focal segment NT in ovo electroporation, agarose beads were dried then a few L of 

construct solution was added on top of dried beads as a standing drop.  The beads 

immediately imbibed the construct solution, swelling to their previous size.  The single 

bead containing the constructs was inserted into the host neural tube as above (section 

2.2.2) 

 

Electroporation and observation 

Immediately following injection of plasmid construct, the electroporation was performed 

either unilaterally, bilaterally or ventrally (Figure 2.3). For uni- or bi-lateral 

electroporation, forked gold electrodes were placed on the vitelline membrane on either 

side of the embryo (Figure 2.3 A and B). Electrodes were L-shaped (Figure 2.3 A), 2 mm 

long and 0.5 mm diameter with separation of 3 mm. These were aligned parallel with the 

embryonic axis or, for a smaller electroporation field, with only the circular electrode tips 

contacting the vitelline membrane (Figure 2.3 B). For ventral electroporation, the anode 

electrode was placed ventrally under embryo parallel to the neural tube, the cathode 

electrode on top of the neural tube of embryo (Figure 2.3 C).  

 

 

Figure 2.3. In ovo neural tube electroporation. GFP transfected region is indicated in 

green. Inserts A and B show the gold electrodes lateral in L-shaped and circular 

orientations. Insert C shows the gold electrodes ventral (v) and dorsal (d). NT=neural 

tube; Som=somite; v=ventral; d=dorsal (Adapted from Johanna E. Simkin et al. 2014) 

 

An electricity source (BTX ECM 830 square-wave electroporator, Fisher Biotec, 

Melbourne, Australia) was used to administer pulses to neural tube regions. For QE1.5 

embryos, parameters were three 10–12 V, 50 mSec pulses at one second intervals. For 

QE2-QE3 embryos, parameters were three 25 V, 50 mSec pulses at one second intervals.  
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After electroporation, the eggs were sealed with adhesive tape and returned to the 

incubator. Embryos were monitored 12–24 h later by peeling back the tape and placing 

under a Leica MZ FLIII (Leica Microsystems, Switzerland) fluorescence 

stereomicroscope fitted with filters for GFP and Leica DC200 digital camera III system 

with Leica IM1000 software. Embryos with no GFP expression in the neural tube were 

discarded. Eggs were then resealed and further incubated for a total of 4 to 6 days post-

electroporation. 

 

2.2.4 Dorsal NT/NC ablation 

Chicken eggs were incubated for 1.5 days (ChE1.5, 7–10 somite stage). The apex portion 

of the egg shell above the airspace was removed, and the vitelline membrane was cut to 

expose the embryo. The ectoderm was cut, exposing the neural tube. The neural tube was 

then separated from the neighboring somites. Neural tissue which included the neural 

crest was dissected from the dorsal portion of the neural tube. Neural tissue was excised 

from the first to seventh somite. The operations were performed with tungsten needles 

micro-surgically. After ablation, the eggs were sealed with adhesive tape and returned to 

the incubator and the embryos were allowed to continue developing for 5 days. 

 

2.2.5 Neural tube dissection 

Native or in ovo NT electroporated quail embryos were removed from the eggs at QE1.5 

to QE3 and placed in Ham’s F12 dissecting medium. The wanted region of NT with its 

surrounding mesodermal tissues were collected using sharp tungsten needles. In some 

cases, the single somite levels of embryo within the vagal region (i.e. s1, s2, s3, s4, s5, s6 

or s7) were dissected. These tissue segments were placed in dispase II (2 mg/mL in F12) 

for 20 min at 37°C, then the surrounding tissues including somites, ectoderm, endoderm, 

notochord and lateral plate were removed from NT using sharp tungsten needles [315]. 

The NTs were then washed three times in F12 with 3% FCS briefly to remove the enzyme.  

 

2.2.6 Micro-dissection of avian gut  

Chicken or quail embryos were collected and placed in Ham’s F12 dissecting medium. 

Guts from the oesophagus down to the cloaca were dissected. Gut stages were referenced 

to the chick embryo gut staging [316]. Gut region was defined as Figure 2.4. To get 

aneural guts, QE4 or ChE4.5 guts from the caudal midgut (MG2), caeca and hind gut 
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(HG) down to the cloaca were dissected using fine forceps and electrolytically sharpened 

tungsten needles. At this stage (HH25) the wavefront of enteric NCCs is yet to cross the 

umbilical artery, thus the dissected segment was aneural. The duodenum and stomach 

(foregut) (FG) and rostral part of the midgut (MG1) were populated by enteric NCCs 

[161]. (Figure 1.6). 

 

 

 

Figure 2.4. Gut region definition. Foregut (FG): Include oesophagus, gizzard and 

duodenum; Midgut 1 (MG1): between duodenum and umbilicus; Midgut 2 (MG2): 

between umbilicus and caecum; Caecal region: Two caeca; Hindgut (HG): post-caecum 

to cloaca 

 

2.2.7 In vitro catenary gut organ culture  

Intestinal tissue from various stage chick and quail embryos were established in 

organotypic catenary culture [317]. In brief (Figure 2.5), Black Millipore paper (0.45 µm, 

Black Gridded, type HABG, Millipore, Bedford, MA) was cut into 3 mm squares with a 

‘V’ shaped notch for short gut segments (Figure 2.5 A) or 5x8 mm rectangles with a 

rectangular cut-out in one side for long gut segments (Figure 2.5 B). These Millipore 

papers were sterilized briefly in 70% ethanol and then transferred to F12 before loading 

the guts. 

 

The gut segments were attached across the cut-out by pressing the tissue against each end 

to the Millipore filter paper but with the major central segment loosely adherent, or non-

adherent to the solid substrate (Figure 2.5 C).  This “catenary” configuration prevents cell 

attachment and spreading and loss of tubular organ morphology of the intestine during 
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organ culture. For the co-culture experiments, the small piece of donor tissue was placed 

in contact with the rostral end of the recipient intestinal graft tissues (Figure 2.5 D). 

 

 

 

Figure 2.5. Diagram of the catenary culture method. Short segments of gut are placed 

across a 3 mm squares Millipore filter paper with a ‘V’ shaped notch (A); Long segments 

of gut are placed across a 5x8mm rectangles Millipore filter paper with a rectangular 

cut-out in one side (B). The cross-sectional view (C) demonstrates that only the cut ends 

are sitting on top of the filter paper, and the rest of the explant is suspended in the culture 

medium. For the co-culture, the donor tissue was placed in contact with the rostral end 

of the recipient gut (D). 

 

These explants were maintained in tissue culture medium (TCM) of 10% FCS, 1% Glu, 

1% P/S in Hams F12 plus QEE at 37oC in vitro for 2 to 4 days [100]. 

 

2.2.8 Chick-quail gut “kebab” graft 

Host (usually chicken) guts were set up as in vitro catenary organ culture. For the “kebab” 

graft experiments, a sleeve of the mesoderm (containing the ENS) was removed with tungsten 

needles from about 150-250 m of the host gut at various positions, leaving the endodermal 

tube intact. For donor (usually quail) tissue, a region of midgut of the same length was excised 

and the endoderm was removed. The donor mesoderm containing the ENS was wrapped 
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around the stripped host endoderm (see Figure 2.6). This donor tissue healed in to the host 

tissue over the first day. We refer to these end-to-end combinations as “kebab” cultures [100].   

 

 

 

Figure 2.6. Diagraph of the Kebab graft method. A. Diagram of the principal of the 

kebab graft. B. An example of kebab experiment 

 

2.2.9 Chorio-allantic membrane (CAM) grafting 

The CAM of chick hosts of E7-8 were prepared as in Zhang et al. (2010) [107]. Firstly, a 

small hole was punched in the blunt (air space) end of each egg. Then, upon detection of 

a blood vessel identified by shining a light through the shell, a window about 8x8 mm 

was cut from the shell using a # 4 straight edge scalpel (Swann Morton, England). After 

lifting the shell, the white shell membrane was revealed. This was moistened with Ham’s 

F12, and gently perforated using #5 forceps (Swann Morton, England). This perforation 

allowed air to enter, dropping the CAM membrane and allowing the entire shell 

membrane to be removed from the window (see Figure. 2.7 A). This window was then 

temporarily closed with adhesive tape. 

The graft tissues were prepared on Millipore filter paper as for catenary culture or kebabs. 

After 1 hour incubating in vitro to allow tissues to stick together, the graft tissue was 

placed tissue-side down over the junction of blood vessels of the chick CAM hosts (see 

Figure. 2.7 B) and the eggs resealed. The CAM grafts were incubated for 7-8 days, with 

the grafts undergoing growth, morphogenesis and differentiation (see Figure. 2.7 C) as 

they were vascularised from the CAM blood vessels. 
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Figure 2.7 Organ culture in CAM graft. A. the QE7-6 chick host was prepared by 

removing the shell to expose the network of the CAM blood vessel; B. the graft tissue was 

placed tissue-side down over the junction of blood vessels; C. by 8 days culture in CAM, 

tissues grow extensively as they becomes vascularised. 

 

2.2.10 Gut tissue dissociation 

The dissected guts were digested for 35 minutes at 37oC in Ham’s F12 media with 

5mg/mL Dispase II and 0. 5mg/mL CLSAFA Collaganase.  To disrupt cadherin-based 

cell interactions EDTA was added to a concentration of 1 mM for a further 10 minutes.  

The tissue was mechanically triturated and the cell suspension was washed in F12 media 

with 0.5% BSA by spinning down at 2000 rpm for 2 mins and re-suspending.   

2.2.11 Living ENS cell Isolation (FACS) 

After two washes, the dissociated gut cells were incubated in 900 L of F12 medium for 

10 mins at 37oC to allow antigen recover. Then, 100 L of mouse anti-HNK-1 antibody 

(1/10 of supernatant) was added in suspension and kept at room temperature on rocker 

for 1 hour. Following two washes with 0.1% FCS in F12, 2 L of secondary goat anti-

mouse Alexafluor 488 antibody was added in 1 mL cell suspension (1/500).  After 1 hour 

incubation at room temperature on rocker and two washes, cells were then filtered through 

a 30 m strainer and propidium iodide (Sigma, USA) was added (final concentration 10 

g/mL) to detect dead cells. Cells positive for Alexa 488 fluorescence which also 

excluded propidium iodide were sorted using a MoFlo cell sorter (MoFlo, USA).   

2.2.12 ENS cell monolayer culture 

For cell culture substrates, HLA Terasaki-plates (Greiner Bio-One, Sigma M6062) were 

coated with 10 μl/well of FN (20 μg/ml in PBS) or LN (50 μg/ml in PBS) for 2 h. FACS-

sorted ENS cells were plated at 3000 cells/well into the above wells in Ham’s F12 with 

2% heat inactivated FCS plus 0.5% BSA and 1% P/S.  
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2.2.13 ENS cell aggregation 

After cell dissociation, the FACS-sorted HNK-1+ve cells remained for 1 h at 37°C in cell 

culture medium of F12 with 2% heat inactivated FCS, 0.5% BSA and pen/strep, to recover 

cell-cell adhesive potential [318, 319]. A low degree of aggregation occurred in this 

recovery period. In three dissociation runs, the cells were centrifuged into fresh medium.  

The cell suspension was then aliquoted into Eppendorf tubes. A minimum of three 

replicate tubes were prepared for each assay, and each assay was repeated at least twice. 

The tubes were then incubated on a rotating platform at 37°C with 1 cm radius. The 

rotation rate and aggregation time were adjusted accordingly. 

 

2.2.14  Tissue fixation  

The dissociated cells and monolayer cultures were fixed in 4% PFA in PBS for 10 to 30 

minutes; specimens of embryo, dissected guts or guts from culture and cell aggregates 

were fixed in 4% PFA in PBS for 1 hour to overnight, followed by repeated washes in 

PBS.  

For whole mount staining, guts from E5.5 and older embryos were pretreated with 0.05% 

trypsin for 10 min at room temp before fixation. 

 

2.2.15 Frozen tissue sectioning 

For frozen section, the specimens were cryoprotected by infiltrating in 30% sucrose 

overnight at 4°C. The embryos were placed in a Cyomould (Sakura Finechemicals, 

Tokyo, Japan), embedded in Optimal Cutting Temperature (OCT) compound, then 

rapidly frozen in iso-pentane, which was cooled by solid carbon dioxide. Frozen sections 

were cut at 16 μm using a Leica CM1900 Cryostat (Leica Microsystems, Nussloch, 

Germany) at -20°C and collected on Superfrost Plus slides (Biolab Scientific, Australia) 

which were coated with Poly-L-Lysine (Sigma-Aldrich Co., MO, USA). 

 

2.2.16 Antigen retrieval  

Following PFA fixation whole mount specimens, slide sections or dissociated cells and 

aggregates were placed in the antigen retrieval solution (Sodium Citrate Buffer) for 20 

minutes at 95°C in water bath, than washed three times in PBS. 
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2.2.17 Immunolabelling 

Before immunolabelling, the dissociated cells, monolayer cultures, cell aggregates and 

whole mount tissues were permeabilised and blocked in 0.1% Triton X-100/1% horse 

serum in PBS for 15 and 60 minutes, respectively.  Tissue sections were blocked in 1% 

horse serum in PBS for 30 minutes.  For immunolabelling, specimens were then incubated 

sequentially in primary and secondary antibodies in blocking solution (Antibodies used 

in this thesis are detailed in Table 2.2 and 2.3). For dissociated cells, monolayer culture 

and tissue sections, each layer of antibodies were incubated for 2 hours. Between each 

layer, the specimens were washed 3 times in PBS for 5 minutes.  For whole mounts, 

antibodies were incubated for 1-2 days. Between each layer, the specimens were washed 

3 times in blocking medium over a day. After immunolabelling, the monolayer culture, 

tissue section and whole mount were then mounted in Vectashield (Vector Laboratories) 

or DABCO-Glycerol Anti-fade Mounting medium. 

2.2.18 Microscopy 

Samples were visualized using an Olympus IX70 microscope (Olympus Optical Co., 

Tokyo, Japan), under selective Texas Red, FITC and AMCA filters, and by phase 

contrast.  Images were recorded using a Spot Monochrome camera model 2.1.1 with 

Image-Pro Plus 4.5 (MediaCybernetics, Silver Spring, MD, USA).  Confocal imaging 

was performed with a Leica TCS SP2.  Image processing was via Leicalite, ImageJ and 

Image-Pro–Analyser 6.1 (Media Cybernetics).   

2.2.19 ENS cell count in gut in-situ 

After immunolabelling, the whole mount guts were imaged at x20 at multiple focal planes 

confined to the myenteric (outer) plexus. Four to eight areas of 100×100 m squares were 

selected along each gut and the labelled neural cells were counted manually from optical 

sections. The mean value of numbers of labelled cell per 0.01 mm2 on each gut were 

calculated. Neural cells outside myenteric layer, such as submucosal or in the muscle 

layers or lamina propria were not counted. 

2.2.20 ENS cell count in dissociated gut 

Total cell concentration in dissociated cell suspension was counted immediately after 

digestion with a haemocytometer. The total gut cell number in each specimen was 

calculated based on the volume of cell suspension and the number of specimen in the cell 

suspension. 
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Once total cell were counted, cells were fixed and immunolabelled with ENS cell markers 

and DAPI: DAPI labelled all cell nucleis, HNK1 antibody was assumed to identify all 

NC-derived cells, SoxE antibody identified NC progenitor and glial cells, HuCD antibody 

identified neurons and B-FABP antibody identified glial cells. The numbers of total cell 

and cell with each ENS neural marker were counted in each counting field and the 

proportions of each ENS neural type cells to total cells were calculated. Subsequently, 

the numbers of total ENS and different ENS neural type cells in one specimen were 

calculated based on the total gut cell number in each specimen. 

2.2.21 ENS cell aggregates assays 

For short-term aggregation assays, cell aggregation was indicated by a decreasing particle 

number. At each certain aggregation time point, 10 μl samples were withdrawn from each 

tube and the particles were counted in a haemocytometer chamber with 10–20 microscope 

field images each of 1.14 mm2 recorded with 10× objective. A particle was defined as a 

single cell or group of contacting cells of any size. Particle counts were made from these 

images by operators blinded to the assay conditions. 

For the long term aggregation assays, aggregate diameters were measured. The 

aggregates were collected by allowing them to settle in the Eppendorf tube for 5 min then 

removing the bottom 20 μl of medium plus aggregates. This was placed as a standing 

drop on a non-TC Petri dish which was oscillated at 80 rpm for 5 minutes to centralise 

the aggregates, which were then imaged from phase contrast images (×20 objective) of at 

least 50 aggregates per treatment and time point. Aggregates were chosen for 

measurement on the basis of roundness and defined edges, and very small and or loose 

cell clusters and single cells were ignored. 

2.2.22 Statistics 

Unless specified, data were expressed as mean±standard error of mean (SEM). All 

statistical tests were performed with GraphPad Prism version 6. A difference between 

two groups was determined using a two-tailed Student’s t-test and for nonparametric data 

Mann-Whitney test, Wilcoxon rank sum test or the Kolmogorov–Smirnov test were used 

accordingly. In addition, the frequency difference between the two experimental groups 

was determined using a two-tailed Chi square test.  For differences among multiple 

groups, statistical comparisons were performed using one-way analyses of variance (one-

way ANOVA) followed with Fisher’s LSD post-test. To analyze the correlation between 
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two parameters, the P-values and regression coefficients was tested by Pearson 

correlation coefficients, and for nonparametric data the Spearman correlation was used.  

A p-value of <0.05 was considered significant. 
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3 Cell lineage tracing in the developing enteric nervous 

system 

This chapter is a part of a paper published in J. R. Soc. Interface (2014)[320] 

3.1 Introduction 

Cell lineage tracing is a powerful tool for understanding how proliferation and 

differentiation of individual cells contribute to population behaviour, where a single cell 

is marked (labelled) within complex tissues, and this mark is inherited by all progeny. In 

this way, the contribution of an individual cell lineage to a biological process can then be 

traced within a population of cells [321]. Recent advances in experimental techniques 

[322-325], light microscopy and image processing [326-330] have increased the scope 

and potential use of lineage tracing methods to address important developmental 

questions. For example, are cell-fate predetermined or environmentally based, and how 

do cell-fate determinations result in the morphological and cytotypic development of 

complex tissues?  

Cell lineage tracing has been implemented to understand the interactions between 

individual cells and the overall response in the immune system [331, 332]. These authors 

study a model of intracellular stochastic competition of cell decisions that is able to 

capture experimental immune response dynamics. However, the model has no significant 

spatial component such as is seen in solid tissues, where balancing of cell differentiation 

options must be appropriate not only at the scale of the entire population, but also at the 

mesoscale of each spatial domain occupied by cells. 

In developmental processes, cell movement and division can be affected by availability 

and organization of embryonic tissue space, which is not static but growing. Similar 

arguments can be made for other spatially distributed microenvironmental requirements 

such as growth factors. Therefore, the impact of spatial components on individual cell 

dynamics and resulting cell lineages needs to be determined. Here, we explore tracing 

cell lineage in a colonization process. 

In the developing ENS, NCCs migrate from the vagal NC to the foregut, and then progress 

from the foregut as a strictly timetabled rostro-caudal wave to colonize the whole of the 

gastrointestinal tract, forming the ENS. The cell density of the mature ENS and the 

proportions of neuronal and glial cell types are consistent between individuals [333]. 

Although nearly all the ENS is derived from only three to four segment lengths of NC, 
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the ENS rivals the spinal cord in neuron number, and has numerous neuron types. This 

requires massive and controlled proliferation and differentiation within self-growing 

mesenchymal tissue. For example, in quail embryos starting with about 1000 enteric 

NCCs  [107], the number increases to 350,000 over 5 days. During the development of 

the ENS, the enteric NCC population moves and proliferates in surrounding mesenchymal 

(gut) tissue, which is simultaneously elongating through cell division [334]. 

This Chapter developed a novel method to examine the enteric NCCs colonization 

process at the single cell level, by labelling a single cell in the starting population and 

counting the cell’s progeny at a later time. These were performed in both non-growing 

and growing gut tissues in organ culture experiments. At the population level, the ENS is 

highly organized and predictable, and one might assume that to produce such a 

predictable pattern with constancy of neural distribution, numbers, density and type 

proportions would require deterministic processes. However, by contrast, we show that 

cell lineage tracing reveals an extremely large variability in the number and distribution 

of progeny of single founder enteric NCCs.  

3.2 Material and Methods 

Avian embryos.   

Chick and quail embryos were used as described in section 2.1.2 

Experiment design: cloning in a crowd  

Combining a single GFP-labelled NCC with large unlabelled “carrier” NC population, 

and allowed these cells to colonize the aneural gut. Then, the contribution of the GFP 

labelled cells can be traced. Detailed experiment is schemed in Figure 3-1.  

Generation of quail donor gut fragments containing single GFP labelled enteric 

NCC  

To gain GFP labelled enteric NCCs, the electroporation was performed on vagal NT of 

QE1.5 embryos as described on section 2.2.3. The transposon-based genome-integrating 

GFP constructs were used. At E3.5 the foregut was collected and under fluorescent 

dissecting microscopy, the QE3.5 foregut was dissected into small fragments (less than 

about 10-3 mm3). Each fragment contains only one GFP labelled cell (Figure 3-2). 
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Figure 3-1. Schematic diagram of cloning in a crowd experiment. (A). Diagram of culture 

system set-up. “Carrier” NCCs (red dots) from QE4 foregut (FG)is supplemented with a 

fragment of E3.5 FG with one GFP positive enteric NCC (green dot). This is placed either 

centrally or at the distal edge of the FG. This moiety is fused to an E4 post-umbilical 

midgut (MG) and hindgut (HG) with bilateral cecae (Cec). This gut region is uncolonized 

by enteric NCCs. Colonization then proceeds in an MG to HG wave of enteric NCCS 

(large red arrow). (B). The initial set-up is grown either for 4 days as an organ culture in 

vitro, where there is minimal tissue growth, or for 8 days as a CAM graft where the gut 

grows similarly to normal. The uncolonized MG and HG becomes occupied by enteric 

NCCs (red (mid-grey) dots) including clonal derivatives of the original GFP positive 

enteric NCC. These GFP positive derivatives show unpredictable numbers and 

distributions at the end of the growth period 

Generation of quail donor carrier fragments 

Normal QE4 foregut which was colonized with unlabelled enteric NCC was collected and 

dissected into fragments (about ¼ mm in length). These fragments were used as carrier 

donor, which could provide a normal quota of enteric NCCs for further gut colonization 

Generation of chick host aneural mid-hindgut 

ChE4.5 post-umbilical mid-hindguts were collected and used as aneural hosts. 
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Figure 3-2. Single GFP cell fragment dissection. Donor tissue fragments containing GFP 

labelled single enteric NCC were dissected from QE3.5 foregut which had been 

electorporated with GFP construct at vagel level NT at QE1.5 (HH10-). A. QE3.5 foregut 

with GFP labelled enteric NCC. B. QE3.5 foregut fragments containing single GFP 

enteric NCCs. 

Combination graft 

The fragment containing a single GFP labelled enteric NCC was combined with donor 

carrier then juxtaposed to the rostral end of host aneural mid-hindgut. Two sets of 

combinations were prepared: first the small fragment containing single GFP was left next 

to host aneural gut, with the carrier tissue behind (see Figure 3-3 A). Second, the GFP 

fragment was put in the middle of carriers (Figure 3-3 B). 

 

Figure 3-3.The diagrams of grafting of single GFP cell with aneural gut. Donor tissue 

fragments were grafted with QE4 aneural midgut-to-hindgut either directly in contact (A) 

or with intervening QE4 foregut (B). The grafts were either cultured in vitro (no gut 

growth) for 4 days or in CAM (near normal gut growth) for 8 days. Cec=cecae, 

FG=foregut, MG=midguy, HG=hindgut 
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Organ culture 

These combination tissues were cultured in vitro in catenary culture for 4 days or in CAM 

graft culture for 8 day as described in section 2.2.7 and 2.2.9, respectively. 

Tissue fixation and immunolabelling 

The fixation, antigen retrieval and immunolabelling were performed on QE3.5 foregut 

fragments and in vitro catenary and CAM culture specimen wholemount according to 

section 2.2.14 to 2.2.17 

Microscopy 

Microscopy were performed as section 2.2.18 

Counts of GFP cells in wholemounts. 

Cell counts in the CAM grafts include only those GFP+ve cells that had moved into the 

host midgut and hindgut. In one case where GFP+ve cell numbers were extremely large 

but seemingly uniformly distributed, GFP+ve cell numbers are estimated by counting 

cells in five squares of 100x100 m (0.01 mm2) and estimating using Fiji the total area 

of the myenteric plexus, assuming the intestinal tubes were cylindrical. Note that this 

underestimates the actual cell number, because the deeper and smaller (but not negligible) 

submucosal plexus is not included. 

3.3 RESULTS 

3.3.1 Single GFP labelled enteric NCC was achieved 

After immunolabelling with NC-derived cell markers SoxE and HuC/D, each fragments 

of GFP transfected QE3.5 foregut only contained one GFP+ve/SoxE+ve cell which was 

surrounded by about 40 non-GFP but SoxE+ve NCCs. At this stage HuC/D+ve  neurons 

have not been differentiated (Figure 3-4). 

 
Figure 3-4. QE3.5 foregut fragment contains a single GFP+ve enteric NCCs plus ~40 

non-GFP enteric NCCs (SoxE+ve). Confocal image. 
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3.3.2 Distribution patterns of GFP clones in non-growing gut (in vitro) 

In in vitro, by 4 days in culture, without gut growth, the host gut was fully colonized by 

donor NCCs. But GFP-derived NNCs distribution had variable patterns among un-

labelled NCCs, in some case, the single GFP cell neither expands nor migrates (Figure 3-

5 A), in some case, the single GFP cell showed limited expansion and migration (Figure 

3-5 B), in some case, the single GFP had extensive expansion and migration over the 4 

days period (Figure 3-5 C). Numbers are in Table 3-1. 

 
Figure 3-5. Distribution patterns of GFP clones in in vitro. Grafts after 4 days with no 

gut growth, single GFP+ve enteric NCCs have diverse responses in vitro. (A). Single 

GFP cell with neither expansion nor migration.  (B). GFP-derived cells had local 

migration and moderate expansion. (C). GFP-derived cells had extensive migration and 

extensive expansion. 

3.3.3 Distribution patterns of GFP clones in growing gut (in CAM) 

This distribution pattern diversity is very similar in CAM grafts with tissue growth, in 

that some grafts may only have one GFP cell by the end of the culture period (Figure 3-6 

A), in some grafts, one or a few patches and few GFP cells (Figure 3-6 B), in some grafts 

multiple patches and more GFP cells (Figure 3-6 C). Occasionally, massive GFP cells 

expansion and spread occurred (Figure 3-6 D). Numbers are given in Table 3-2. 
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Figure 3-6. Distribution patterns of GFP clones in CAM grafts after 8 days growth with 

gut growth: single GFP+ve enteric NCCs have diverse responses. (A). There was only 

one labelled cell after 8 days, and this single cell had no progeny. (B). There were small 

patches of GFP+ve cells closed to the donor with few GFP+ve cells. (C). There were a 

few patches with varied sizes and locations. (D). Massive GFP-derived cell population 

expansion in one graft, with extension into distal intestine. 

3.3.4 Differentiation potential of single enteric NCCs 

Regarding the differentiation potential, when only one GFP cell was found in fully 

colonized gut, the GFP cell had differentiated into a neuron (Figure 3-7). However, in 

grafts with a large number of GFP cells, the clonal progeny were diverse (Figure 3-8A). 

Some were enteric NC/glial cells (SoxE+/Hu-ve), some were neurons (SoxE-ve/Hu+ve) 

(Figure 3-8B). Furthermore, they also could give raise to several sub-types of neuron like 

Substance-P and Nos (Figure 3-8C, C’). The diversity of clonal progeny was also seen in 

4 days in vitro culture (Figure 3-8D). 
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Figure 3-7. Specimen with only one GFP+ve cell in fully colonized gut differentiated into 

Hu+ve neuron. Growing gut conditions with 8 day CAM graft. (A). This cell occurred in 

the MG (thin arrow), far displaced from the original donor position (broad arrow). (B). 

Enlargement of the boxed area in (A) shows this GFP+ve cell extended a long axon 

rostrally through other ENS ganglia. (C). Enlargement of the boxed area in (B) confirms 

that this GFP+ve cell is a neuron, with strong Hu labelling (D). MG=midgut, Cec=ceca, 

HG=hindgut. 

 
Figure 3-8. Diversity of clonal progeny. Growing gut conditions with 8 day CAM graft. 

(A). Specimen with huge number of GFP+ve cells densely forming the myenteric plexus 

throughout the intestine. (B). At higher magnification, triple-labelling shows that the ENS 

ganglia contain both neurons (Hu+ve) and enteric NC/glial cells (SoxE+ve), with 

GFP+ve cells in both categories. (C). Single GFP+ve cell give raise to Substance-P (Sub-

P) and Nos sub-types of neuron. (D). In vitro 4 days culture, GFP derived cells 

differentiated into Hu+ve neuron and SoxE+ve enteric NC/glia. 
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3.3.5 The clonal progeny are diverse in cell numbers 

The data for the cell lineage numbers (GFP+ve cells) from individual non-growing and 

growing gut tissue experiments are presented in Tables 3-1 and 3- 2, where the gut is fully 

colonized. In in vitro culture (4 days), clonal cell numbers were diverse, most clones were 

small, and few were big. The Table also shows there is advantage in clone size for cells 

initially placed at the colonization front (Table 3-1). The results are similar to in vitro but 

amplified in 8-day CAM grafts (Table 3-2) with the gut growth. Labelled cell numbers 

also were diverse, with most clones having a small number of cells, but a few were huge. 

The cells producing big clones were named “superstars”. The front advantage was also 

see in CAM graft (Table 3-2). The cells in the front has a greater chance to be a superstar. 

 

Table 3-1. The frequency of specimens with GFP-derived cell numbers in 4 days in vitro 

culture. 

 

 



66 
 

Table 2. The frequency of specimens with GFP-derived cell numbers in 8 days in CAM 

culture 

 

3.4 DISCUSSION 

Lineage tracing is a powerful tool for understanding how cells behave within a biological 

process. There are various techniques that can be used and their use has had a significant 

impact on stem and progenitor cell research [321]. This Chapter developed a novel and 

simple method to investigate single enteric NC progenitors in contribution, distribution 

and differentiation potentials. 

In this method, the fragments containing single GFP labelled enteric NCC were dissected 

from foregut of QE3.5 embryos which were previously electroporated in the vagal NT 

before NC migration. Immunolabelling of these fragments with NC-derived cell marker 

antibodies confirmed that each fragments only contained one GFP NCC with about 40 

non-GFP NCCs. This fragment was combined with normal quail E4 foregut which was 
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already colonized with unlabelled enteric NCC; this ensemble is equivalent to the starting 

enteric NCC population but with a single labelled enteric NCC to achieve “cloning in a 

crowd” to allow the aneural host gut tissue to be colonized. 

The GFP+ve progeny or cell lineage tracings formed multiple loose patches of both 

enteric NC/glial cells and neurons mixed with GFP-ve quail donor ENS cells. The single 

enteric NCC labelled to follow clonality in the intestine reveal extraordinary and 

unpredictable variation in number and spatial distribution of descendant cells, even 

though ENS development was highly predictable at the population level. 

A single enteric NC progenitor can gave rise to several sub-types of neuron and glia 

demonstrated that the enteric NCCs are not predetermined to become a certain cell type 

at least before they enter the gut. 

Clonal number diversity was demonstrated in this Chapter. Most cells give rise to small 

populations of final ENS cells, but few had huge contributions, the descendants of 

“superstars”. The cell lineage numbers are much smaller for the nongrowing experiments, 

because both the total time and physical space that the enteric NCCs colonize are smaller 

than in the growing gut experiments. In general, the cell counts are larger when derived 

from a labelled cell placed at the wavefront than that from a cell placed behind the 

wavefront. This is not surprised, owing to frontal expansion, because a cell’s proximity 

to the wavefront is known to favour further contribution to the colonizing wave [100, 

195]. 

The mathematical modelling of this process is described by Cheeseman and others [320].  

In summary, the enteric NCC lineage tracing implies that self-organization principles of 

ENS development are predictable at the population level, but show stochastic diversity at 

the level of individual cells. Our findings also have important implications for cell-fate 

processes. In particular, the results suggest that cell differentiation occurs after 

colonization, as stochastic competition for resources would permit early fate decisions to 

lead to highly unpredictable cell-fate distributions. The methods can be generalized to 

other biological processes during and after development, such as tumour invasion, 

because stochastic competition for resources (e.g. space, growth factor, nutrient) is 

fundamental to a proliferating invading cell population.  
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4 Fine scale differences within the vagal neural crest for 

enteric nervous system formation 

This chapter is a part of a paper published in Developmental Biology (2019)[335] 

4.1 Introduction 

The spatial origin of ENS cells. NCCs along the neuraxis differ in their contributions to 

the ENS. The vagal NC is accepted as the major source of the ENS [12, 336-338]. In 

avian embryos, no contribution to the ENS was described from more cranial NC, that is, 

rostral to the vagal level or from trunk NC of s8 to s27 level. However, trunk NC at sacral-

levels (at and caudal to s28) contributes to the distal ENS, mainly in the colorectum, 

although numerically this is less than the vagal NC’s contribution [339]. 

The origin of the mouse ENS is broadly similar: vagal NC and sacral NC [152, 163, 204, 

340]. However, recently in the mouse a postnatal-appearing ENS sub-population has been 

identified, deriving from SCPs. The presumption is that these originate from mid-trunk 

and sacral NC [154], but it is also possible that these cells are at least partially derived 

from vagal trans-mesenteric enteric NCCs [195] that have lingered in the mesentery.   

Intra-vagal NC axial-level ENS fate differences. The vagal NC has been assumed to be 

a natural unit with respect to origin of the ENS, but it is not uniform. Avian vagal NCCs 

of s1, s2 and, decliningly, s3 and s4-levels mainly contribute the circumpharyngeal 

ectomesenchyme [159, 160] but also provide some ENS cells. Kuo and Erickson [117] 

observed that some s1-s2-level NCCs reach the future oesophageal/tracheal region (i.e. 

proximal foregut) by E4 whereas NCCs from s3 and s4-level contribute most to the ENS 

down to and including the stomach.  NCCs of s5 and s6-level also reached the stomach, 

but they did not observe s7-level NCCs in the gut by this stage.  These enteric NCCs later 

colonize the rest of the gut as a timetabled rostro-caudal wave within the gut mesoderm 

[161], being joined later in the hindgut by sacral NCCs [339]. Similar events occur in the 

mouse [152, 163, 188]. 

The later fate of sub-regions of the vagal NC has also been explored with in ovo orthotopic 

transplants carried through to stages when colonization is complete [18, 341]. While there 

was over-representation in the ENS of mid-vagal NC-derived cells and considerable 

mixing, there was a tendency for the rostro-caudal order along the vagal axis to be 

translated later to the ENS derivatives placed rostro-caudally along the gastro-intestinal 
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tract.  This raised the possibility of rostro-caudal co-linearity between the vagal NC and 

the ENS. 

The later fate sub-regions of the vagal NC was also detailed in ovo in a lacZ viral labelling 

study by Epstein's group [148], who tracked the fate of single-somite levels of the vagal 

NC in the chicken embryo ENS. Rostral vagal NCCs (s1, s2 levels) contributed strongly 

to the cardiac outflow and pharyngeal arches but produced few ENS cells which were 

restricted to the oesophagus, crop, proventriculus and gizzard and duodenum (i.e. foregut 

derivatives). NCCs of s3-s6-levels made the greatest contribution to the ENS in all 

regions of the gastrointestinal tract although the number in the oesophagus was low.  The 

caudo-vagal NC (s7) also produced few ENS cells, but these were restricted to the 

proximal digestive tract.  Paralleling this, Durbec et al. [204] has described that in mouse 

the rostral cervical NC (i.e. caudo-vagal) contributed only to the oesophageal ENS.  These 

results are not consistent with NC/ENS co-linearity described above. 

Intra-vagal NC axial-level ENS competence differences.  Gross axial level differences 

in ENS competence have been tested with experimental ablation and recombination 

approaches. Chick/quail embryo heterotopic transplants and combination grafts showed 

that trunk NC (caudal to s7) can contribute ENS experimentally [106, 342] but is far 

inferior numerically to vagal NC [107, 109, 343].  In contrast, cranial NCCs from levels 

rostral to the vagal level, though not fated to form ENS, were capable of ENS formation 

when given the opportunity [107]. 

Attention has been turned to finer scale differences of competence within the vagal NC 

region.  Ablation of s3-s5 level NC in ovo resulted in absence of ENS only in the hindgut, 

with the consequent suggestion that s3-s5 level vagal NC was spatially specialised 

beforehand for hindgut ENS formation [197]. These results were confirmed later [157, 

344], and further experiments in Barlow et al.’s study pointed to fine scale differences of 

ENS competence within the vagal NC [157]. Following ablation of the entire vagal neural 

anlage, s3-level neural tube with NCCs was re-inserted at s3-level. This restored ENS 

colonization of the entire gut.  In contrast, re-insertion of s1-level NCCs at this s3-level 

gave incomplete colonization, in that only the foregut was colonized.  Moreover s3-level 

NCCs implanted at s1-level did not give complete colonization.  This was interpreted as 

demonstrating two processes: i) intrinsically different ENS development potentials exist 

along the rostro-caudal neuraxis within the vagal level, with s3-level NC having greater 
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ENS forming ability than s1-level; ii) certain NCC migration routes (e.g. adjacent to s3) 

are more favourable than others (e.g. adjacent to s1) for ENS colonization. 

Scope of this study. There are some differences reported in ENS fate-mapping of the 

post-otic NC, this chapter attempt to clarify this with short-term and long-term fate 

mapping studies using focal labelling of single-somite levels of avian pre-migratory vagal 

NC by vital dyes [345] and electroporation of fluorescent markers [312, 346]. Then, ENS-

forming ability was evaluated by combining the neural anlage (including pre-migratory 

NC) with aneural mid and hindgut, the ensemble grafted to the CAM. The results suggest 

that there are relative but important gradations in ENS fate along the vagal axis.  This 

gradation in fate was exactly matched by differences in efficiency of vagal NC sub-levels 

to form ENS in the mid and hindgut. The results carry implications for optimal NCC 

identity for ENS stem/progenitor cell therapies. 

4.2 Materials and Methods 

Avian embryos.  Chick and quail embryos were used as described in section 2.1.2 

Single segment short term labelling of vagal NCCs.  Short term focal labelling was 

achieved in ovo by vital dye staining or electroporation with agarose beads as described 

in section 2.2.2 and 2.2.3, respectively. Eggs were then resealed and further incubated for 

1 or 2 days. 

Single segment long term labelling of vagal NCCs.  Focal electroporation with the 

transposon-based system was used for long term expression since this stably integrates 

into the genome of the transfected cells [346].  Incubation was continued for a further 5 

days.   

CAM grafting.  Vagal NCC donors consisted of transverse slices of QE1.5 (ss7-11) one 

segment wide from the levels of s1 to s8 were dissected and somites, ectoderm, endoderm, 

notochord and lateral plate were removed using Dispase II digestion as described at 

section 2.2.5.  As positive control for the ability of vagal NCCs to form ENS, the proximal 

midgut of QE4 embryos were used as donor; these contain the enteric NCC wavefront in 

the gut mesoderm [100] and efficiently form ENS in aneural gut [347]. 

The CAM of chick hosts of ChE7-8 were prepared as section 2.2.9. Aneural mid and 

hindgut from the umbilicus to the cloaca was dissected from ChE4.5 embryos as 
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described at section 2.2.6.  The combination of quail NC donor tissues and the chick 

aneural gut was placed on chick host CAM and incubated for 6 days. 

Fixation, fluorescent labelling, imaging and evaluation. Embryos and CAM grafts 

were retrieved from the egg and fixed for 1 h in 4% PFA in PBS for wholemount 

preparations. QE2.5 to QE3.5 embryos were sagittally or transversely sliced with tungsten 

needles during the first minutes of fixation. For QE6.5 embryos and CAM graft 

specimens, the gastrointestinal tract was microdissected free and treated with 0.05% 

trypsin for 10 min before fixation. After antigen retrieval (see section 2.2.15), the 

immunolabelling and microscopy were performed as section 2.2.16 and section 2.2.17, 

respectively. 

Cell counts. In QE6.5 embryos focally transfected by electroporation, GFP+ cells were 

counted in gastrointestinal tract wholemounts after GFP antibody (see above) for seven 

major region of the gastro-intestinal tract: 1. oesophagus and proventriculus, 2. gizzard, 

3. duodenum and pre-umbilical midgut (termed mg1), 4. post-umbilical midgut (mg2), 5. 

caecal region, 6. proximal hindgut (hg1), 7. distal hindgut (hg2).  The number of GFP+ 

cells over 50 and up to 199 were rounded to the nearest 50.  GFP+ cell numbers from and 

above 200 were rounded to the nearest 100. 

For NCC density estimates in CAM grafts, the QCPN+ and HuC/D+ cells was counted 

in wholemounts as described at section 2.2.20 (Note that all non-neuronal NC-derived 

cells in the plexuses were SoxE+, but QCPN immunoreactivity was more suitable for 

counting). 

Statistics.  Data are expressed as mean ± standard error of the mean (sem).  All statistical 

tests were performed as section 2.2.22. 

4.3 Results 

4.3.1 Short term tracking of single segment vagal NCCs in vivo   

NCCs of s1 (N=7) and s2 level (N=7) labelled with DiI, DiA or by electroporation left 

the NT in the dorso-lateral route over their somite of origin, under the ectoderm.  Upon 

reaching the lateral-most part of the embryo adjacent to s1 and s2 about 12 h after 

labelling (QE2, HH13), labelled cells then continued to migrate under the ectoderm with 

a slightly caudal drift to be present at the rostral base of s3 by about QE2.25 (HH14).  

Some cells were placed more ventrally and angled towards the midline near the foregut 
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subjacent to s3 by QE2.5 (HH15-16).  However most labelled cells from s1 and s2 levels 

became crowded into pharyngeal arches 3 to 6 (Figure 4-1. A). By QE3.5 (HH17) most 

ENS cells of this origin were in the most proximal gut between the pharyngeal arches but 

proximal to the swelling of the future gizzard. 

 

Figure 4-1. Labelled vagal NCCs of different somite levels migrate to the foregut in ovo. 

A and B. Quail embryo (HH15, 27 ss; 24hrs post labelling; sagittal slice). A. Vagal NCCs 

of s2 level labelled with DiI are scattered ventral to the NT at s1-s3 level, and further 

ventrally accumulate densely in and near the pharyngeal arches. s4 NCCs labelled with 

DiA become scattered ventral to the NT and further ventral into the foregut. B. Vagal 

NCCs of s3 level labelled with DiA, and s5 NCCs labelled with DiI.  Many s3 NCCs and 

fewer s5 NCCs have reached the foregut (endoderm E-cadherin), and have spread along 

it. C. Scheme of location of vagal NCCs ~24-48 h after focal DiI/A and electroporation 

labelling at s1 to s8-levels of NC at the 5-9 ss.  Cells of s1-s6 origin were plotted at ~30 

ss and s6-s8 at ~35 ss.  Cells are projected onto an HH17 embryo sagittal slice 

wholemount labelled for axons (E/C8) and endoderm (E-cadherin). Not all cells are 

shown. giz: gizzard anlage; PA: pharyngeal arch; OV: otic vesicle. 

Labelled NCCs of s3 and s4 levels appeared in both the dorso-lateral route (s3>s4) and 

the ventral hemisegmental route (s3 N=16; overlapping s2 and s3 N=3; s4 N=9).  Both 

pathways led to the base of s3-s4 (though the dorso-lateral stream was situated more 

laterally, and appeared to be in line for the outflow vessels of the heart). Labelled cells 

then were found more ventrally and caudally around the side of the dorsal aorta.  

Transverse slices showed these labelled NCCs surrounding the dorsal part of the foregut 

by QE2 (HH14) but were not in the ventral foregut at this stage.  The s3 and s4-level 

NCCs were within the foregut mesoderm by QE2.5 (HH15), as early as or earlier than 
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NCCs of other sub-regions, and were in greater numbers than NCCs of other levels, and 

spread further rostrally and caudally (Figure 4-1. B). By QE3.5 (HH17) these cells were 

found in large numbers throughout the foregut.  Unlike NCCs of more caudal origin, these 

NCCs did not accumulate at the position of the sympathetic ganglia (Figure 4.1. A and 

B). 

NCCs of s5 (N=22), s6 (N=12), s7 (N=15) and s8 (N=7) levels moved via the ventral 

route. Cells from s5 to s8 collected in sympathetic ganglia of the corresponding somite-

level and with lesser contribution to 1 or 2 adjacent ganglia. Upon reaching the 

sympathetic position of their corresponding somite's ventral margin, labelled cells 

appeared further ventrally on either side of the dorsal aorta on an angle towards the 

midline. The labelled cells eventually reached the dorsal mesentery to reach the gut.  

Labelled s5 and s6-level NCCs approached the gut opposite their somite of origin at about 

QE2.5 (Figure 4-1. B) but did not migrate greatly in the rostral direction. NCCs of s7 

level were found directly ventral in that somite but were not detected in the foregut, and 

s8-level cells did not extend past the dorsal aortal level. 

Distally the tight streams of migrating NCCs through the s3 to s7, became more rostro-

caudally dispersed from the bottom of the somites, dorsal to the foregut. The NCCs appear 

to swarm around the dorsal half of the foregut (i.e. many vagal NCCs were at this area 

and NCCs of different somite levels intermingled).  This was particularly noticeable with 

s3 and s4 vagal NCCs where there were more labelled cells. These vagal NCC distribution 

patterns are shown schematically in Figure 4-1. C. 

4.3.2 Long term tracking of single segment vagal NCCs in vivo 

To investigate vagal NC enteric distributions over the longer term, individual sub-

populations were labelled via in ovo focal electroporation. At QE6.5 (HH30-31), guts 

were harvested (N=23) and immunostained for GFP, the neuronal marker HuC/D and the 

enteric NC/glial marker SoxE. 

GFP-labelled vagal NC sub-populations contributed to all or most regions of the gut 

(Figure 4-2) in the form of isolated patches with variable numbers of GFP+ cells 

interspersed with regions with few or no GFP+ cells. The number of GFP+ cells varied 

greatly between gut regions and between specimens, even from the same focal sub-region 

(Figure 4-3).  Despite this uneven distribution of GFP+ cells, total ENS colonization and 
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differentiation was normal in all specimens since SoxE+ enteric NCCs and HuC/D+ 

enteric neurons were found profusely along the gut. 

 

Figure 4-2. Mid-vagal NCCs migrate extensively throughout the gastrointestinal tract in 

ovo. Cells labelled with GFP at s4-level at QE1.5 are widely but patchily distributed in 

the gastrointestinal tract at QE6.5.  The number of GFP+ cells in each gut region is 

shown.  Gut regions: oesophagus and proventriculus (oes+prov), gizzard (giz), 

duodenum and pre-umbilical midgut (duo+mg1), post-umbilical midgut (mg2), caeca 

(caec), proximal hindgut (hg1), distal hindgut (hg2). 

The s3 and s4-level of vagal NC contributed moderate to large numbers of GFP+ cells; 

often in all 7 major gut regions.  When the GFP+ contributions of s2, s5 or s6-level vagal 

NC were considered individually, GFP+ cells were spread over several adjacent regions.  

However when each of these somite levels were summed, all contributed GFP+ cells to 6 

of the 7 major gut regions, the exception being the distal hindgut. The number of GFP+ 

cells from these levels was smaller than from s3 and s4-levels (Figure 4-3). 

The most rostro-vagal NC (s1) and most caudo-vagal NC (s7) levels of origin provided 

small numbers of GFP+ cells with a spread restricted to one or two major gut regions 

centred on the gizzard and the next region rostral, or the next region caudal.  Neither s1 

nor s7 levels contributed labelled cells to the ENS distal to the duodenum.  The numerical 

variability between individuals was highlighted by one embryo labelled at the extreme 

caudo-vagal region, overlapping s7 and s8. This showed over 150 GFP+ cells in the 

gizzard, the third highest GFP cell number recorded in this region.  This distribution of 

GFP+ cells in various segments of the gastrointestinal tract is shown in Figure 4-3. 
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Figure 4-3.  S3 and s4 level NC has greater efficiency than rostral-vagal NC and caudal-

vagal NC in colonising the quail gastrointestinal tract in ovo.  The number of GFP+ cells 

in gut segments at QE6.5 (y-axis) plotted against each level of origin (s1 level, s2 level 

etc.) focally electroporated at QE1.5 (x-axis).  The seven major gut segments are colour-

coded: oesophagus and proventriculus (oes+prov), gizzard (giz), duodenum and pre-

umbilical midgut (duo+mg1), post-umbilical midgut (mg2), caeca, proximal hindgut 

(hg1), distal hindgut (hg2). 

4.3.3 Competence of single segment vagal NCCs to populate aneural midgut and 

hindgut in co-grafts  

In CAM grafts, chick aneural post-umbilical midgut, caeca and hindgut co-grafted with 

donor single-somite quail vagal NCCs placed at the rostral end of the recipient gut (N=65) 

developed ENS plexuses consisting of donor (QCPN+) cells which were all either 

HuC/D+ neurons or SoxE+ enteric NCCs or glia.  ENS cells were distributed in the 

midgut and often into the caeca and the hindgut (Figure4-4). Distally ENS cells in total 

and especially neurons were fewer (Figure4-4 inserts). This is expected since distal 

hindgut and cloaca is normally slow to be colonized [161, 348]. 
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Figure 4-4. Vagal NCCs populates the midgut and hindgut in CAM grafts with lower ENS 

density in distal part. In 6-day CAM grafted chick midgut/hindgut, the ENS supplied by 

s4-level quail NCCs (QCPN+ cells) is a dense network with many neurons (HuC/D+) in 

ganglia in the post-umbilical midgut (mg2) (left inset) but at the distal hindgut (hg) the 

ENS consists of strands of ENS cells with fewer neurons (right inset) . 

As controls for cell counts to assess colonization ability and ENS cell differentiation, 

newly colonized QE4 proximal midgut segments were used as ‘gold standard’ enteric 

NCC donors (Figure 4-5 A). In all cases (N=6) donor midgut-derived QCPN+ cells 

colonized the recipient gut rapidly and to high density in the recipient midgut myenteric 

plexus (almost 70 ENS cells/0.01mm2) with almost half differentiating as neurons by 6 

days growth (Figure 4-5 A, 4-6 A-D).  In all control specimens the ENS extended into the 

hindgut.  

Single somite level quail NT/NC donors showed more variable ability to form ENS in the 

CAM graft assays. The NC-derived QCPN+ cells in the myenteric plexus from donors of 

s3 (N=8) and s4 (N=9) levels were similar to each other (nearly 80 ENS cells/0.01mm2), 

and to the QCPN+ cells from control midgut donors (Figure 4-6 A).  However the density 

of non-neuronal myenteric ENS cells (over 50 cells/0.01mm2) was significantly higher 

than with midgut control donors (Figure 4- 6 B). The density of ENS cells that had 

differentiated as neurons was not significantly different between s3, s4-level and midgut 

control donors (Figure 4-5 B, Figure 4-6 C) but the proportion of myenteric ENS cells 

that were neurons was lower than that of the midgut donor controls (4-6 D) and this 
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difference was significant for the s4 level donor (midgut 45% vs s4 28%).  The ENS in 

12 of 17 s3 and s4-level donor grafts extended into the hindgut after 6 days growth on the 

CAM. 

 

Figure 4-5. Vagal NCCs populate the midgut and hindgut in CAM grafts with efficiency 

that varies with somite-level of origin. En face images of mg2 myenteric plexus derived 

from donor NCCs.  All quail NC-derived cells in the recipient gut are QCPN+ (green) 

and neurons are HuC/D+ (red). A. ENS cell donor is control QE4 proximal midgut.  

Neurons have differentiated and formed ganglia.  B. ENS cell donor is s3 level QE1.5 

NT; these form dense ENS.  C. ENS cell donor is s7 level QE1.5 NT; the ENS is sparser 

with fewer neurons.  D. The NCC donor is s8 (post-vagal) level QE1.5 NT.  The NCCs 

colonize the gut very sparsely and neurons fail to differentiate, but many of NCCs form 

ectopic melanocytes identified by melanin (Mel) in the cytoplasm. 

NCC donors of s1 level (N=7) produced a less dense ENS in the myenteric plexus (32 

ENS cells/0.01mm2) with far fewer neurons (8 ENS cells/0.01mm2) compared to both the 

control donors and the s3-level donors. The ENS extended into the hindgut in only 2 of 7 

s1-level grafts. The ENS furnished by s2 level donors (N=10) was, compared to s1 level, 

significantly more dense in total (55 ENS cells/0.01mm2) and for non-neuronal cells.  

However, these densities were significantly less than those of midgut and s3-level donors.  

The ENS extended into the hindgut in 5 of 10 s2-level grafts. Caudal to s4 the ENS 

formation ability declined. Donors of s5 (N=6), s6 (N=8) and s7 (N=7) levels provided 

an ENS cell density in the myenteric plexus of about 40-45 ENS cells/0.01mm2 which 

was significantly less than that achieved by control and s3-level donors (Figure 4-6 A-



78 
 

D). The density of ENS neurons was also relatively low; this was significantly less than 

the density from control and s3-level donors (Figure 4-5 C, 4-6 A-D). The ENS extended 

into the hindgut in only 3 of 21 grafts of s5, s6 and s7 donor levels. 

 

Figure 4-6.  Mid-vagal NC has greater efficiency in producing ENS in aneural gut, 

compared to rostro-vagal and caudo-vagal levels. The density of quail NC-derived cells 

in the myenteric plexus of the recipient chick midgut in CAM grafted gut plotted against 

the quail NC donors: control QE4 rostral midgut (mg1; N=6) and single-somite level (s1, 

s2 etc.; N each=6-10, N total=65) vagal neural primordium.  A. Only s2, s3 and s4 level 

NC donors matched the midgut ENS-derived donor in terms of ENS cell density. B. s3 

and s4 level NC donors exceeded the midgut ENS-derived donor in enteric NC/glial 

density. C. s3 and s4 level NC donors matched the midgut ENS-derived donor for neuron 

density.  D. The proportion of vagal NCCs that had differentiated as ENS neurons was 

below that of midgut-derived ENS for all levels other than s3.  (enteric NC and glial cells: 

QCPN+/HuCD-; Neurons: QCPN+/HuCD+. Error SEM; 1 symbol p<0.05, 2 symbols 

p<0.01, 3 symbols p<0.001, 4 symbols p<0.0001). 
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Donors of s8 level (N=10), just one somite behind vagal, were significantly different from 

the controls and from each of the s1 to s7 levels; they furnished few cells in the myenteric 

plexus (9.4 ENS cells/0.01mm2), of which only about 3% were neurons, and three of these 

grafts included ectopic enteric melanocytes of donor origin (Figure 4-5 D, 4-6 A-D). 

4.3.4 Relationship between ENS cell density and neuron differentiation in CAM 

grafts.   

Taking all the grafted intestines together, regardless of the somite-level of origin of the 

ENS donor, there was in the myenteric plexus of the midgut, a highly significant positive 

correlation between the proportion of myenteric plexus cells that had differentiated into 

HuC/D+ neurons and the density of all myenteric QCPN+ cells, indicated by fitting a 

linear regression equation and trend line and calculating the coefficient of determination 

R2 (Figure 4-7). 

 

Figure 4-7. Enteric neuron differentiation correlates with enteric ENS cell density.  

CAM-grafted gut with ENS provided by donor QE4 midgut and by single-somite level (s1 

to s8) neural tube donors shows highly significant correlation between the density of all 

ENS cells (shown by QCPN) in the recipient midgut myenteric plexus and the proportion 

that had differentiated into HuC/D+ neurons. Trendline, linear regression equation and 

R2 from Excel. 
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4.4 Discussion 

4.4.1 Vagal NC somite level sub-populations initially migrate separately but mix at 

the foregut in vivo  

The fate-mapping showed that cells from each vagal NC somite-level separately reach 

the foregut [117, 159, 160, 349], but with different efficiencies as judged by the pathways 

and cell number at E2.5-3.5.  On reaching the foregut, the s1 and s2-level ENS cells 

occurred mainly in pharyngeal arches and in the foregut immediately caudal to the 

pharynx, with few s2 cells further distal (eg. to gizzard anlage).  However NCCs of other 

levels of origin became mixed over the foregut by E3.5 with labelled s3 and s4-level 

NCCs being most numerous. These results confirm in detail those of Erickson’s 

laboratory [116, 117]. 

4.4.2 Vagal NC somite level sub-populations distribute widely, patchily and 

unpredictably along the gut in vivo 

Following electroporation, when the enteric NCC colonization extends into the distal 

hindgut, it showed a wide variation in distribution of GFP-labelled ENS cells between 

individuals with the same somite-level of vagal NC labelled. In each individual the 

labelled ENS consisted of irregular loose patches of GFP+ cells within a uniform 

unlabelled ENS. This is characteristic of the labelling of a small proportion of ENS 

precursor cells whose migration, distribution and proliferation have stochastic elements 

marked by major differences in clonal expansions [320, 350]. 

NCCs of s3 and s4-levels supplied most ENS cells but adjacent levels could supply at 

least some ENS cells at all or most gut regions. The most rostro-vagal and most caudo-

vagal enteric NCCs were fewer and mostly restricted to the foregut. This confirms the 

distribution observed with viral lacZ labelling [148]. 

4.4.3 Are vagal NC somite levels co-linear with the ENS along the digestive tract 

in vivo?   

Using orthotopic grafts, Burns and colleagues have reported a rostro-caudal co-linearity 

of cells within the vagal NC and later within the ENS along the gastro-intestinal tract 

[18]. However, results from this Chapter observed that rostro-vagal NCCs distributed 

mainly to the foregut and the mid-vagal NCCs occurred in the rostral ENS but were more 

prevalent in the mid and hindgut ENS but, contrary to the co-linearity notion, s7-level 

NCCs distributed to the foregut. Results in this Chapter showed, especially for NCCs of 
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s3 to s6 origin, little or no propensity for any sub-level to map to a particular region of 

ENS. In general there was a co-distribution of NCCs of all levels along the gastrointestinal 

tract in agreement with Epstein et al. [148]. This is likely to be a consequence of the 

mixing of these cells in the earliest stage of colonization (see above). However the rostro-

vagal NC showed a distribution biased to the rostral gut and this level of NC was inferior 

to the s3 and s4 levels in forming ENS in mid and hindgut CAM grafts. This may represent 

the s1-s2-level SCP moiety identified by Espinosa-Medina et al. [341]. 

4.4.4 Are all vagal NC somite level sub-populations equal or are some “more equal 

than others” in vivo?  

Despite the number and pattern of labelled ENS cells varying from specimen to specimen, 

the number and breadth of distribution of ENS cells derived from mid-vagal level, 

especially s3 and s4-level, was usually the greatest. On the other hand, the number of s1 

and s7 level vagal NC progeny in the ENS was least, and these cells were restricted to 

rostral gut. The same mid-vagal dominance was recognised by Epstein et al. [148], as was 

the correlation between fewer progeny and restriction to the proximal digestive tract. 

4.4.5 Could the numerical differences between vagal NC sub-populations in vivo 

arise non-specifically?   

To account for the numerical differences in contributions to the ENS, it is possible to 

suggest non-specific morphogenetic explanations.  The mid-vagal NCCs have a more 

direct ventral route to the foregut than do the cells of s1 and s2-level origin, whose 

numbers are depleted by diversion of cells to the pharyngeal arches and cardiac outflow 

tract [160]. On the other hand, the more caudal somite-level vagal NCCs commence 

migration later than those of s3 and s4 [102], and significant numbers accumulate 

proximal to the foregut at the sympathetic zone.  The outcome of this could be that mid-

vagal NCCs arrive in the foregut as ‘first with the most’. The carrying capacity and frontal 

expansion hypothesis of enteric NCC colonization described by Simpson et al. [100, 351] 

favours the progeny of the first cells to arrive. This Chapter proposes that this exaggerates 

a slight mid-vagal-level advantage in the foregut if high enteric NCC proliferation 

pertains, and BrdU labelling shows that it does [157].   
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4.4.6 Could the spatial differences between vagal NC sub-populations in vivo arise 

non-specifically?  

Focally labelled NC populations from s2 to s6-level contributed some GFP+ cells that 

had, by E6.5 in vivo, advanced beyond the region of initial foregut entry.  Since only 

wavefront NCCs advance significantly [100, 184, 185, 195], this implies that some cells 

from all these levels must have resided in the wavefront, at least for a time. If so, why do 

rostro-vagal and caudo-vagal NCCs rarely contribute to distal-most ENS? 

Mathematical models predict that continued distal colonization requires that NCCs must 

remain in the wavefront [100], yet the probability of any cell falling behind the wavefront 

is high, and once lost, a wavefront position is almost impossible to regain.  Inevitably, 

larger cell numbers achieved by earliest arrival, highest arrival number and consequent 

greater proliferation increases the probability that at least some progeny of the initial mid-

vagal NCCs remain at the wavefront, and it is only these cells that continue to contribute 

distally [351, 352]. In contrast, cells arriving behind (that is, rostrally), such as s1 and s2 

NCCs, and those that arrive later, such as s7 NCCs, remain confined to the proximal gut 

derivatives, that is, to the region of their arrival, because of the competitive advantage 

gained by the pre-existing mid-vagal NCCs, as first suggested by Kuo and Erickson [117]. 

This competitive exclusion is seen elsewhere in the gut experimentally [100]. These 

outcomes are consistent with contact inhibition of locomotion, with growth factor 

competition and/or with population pressure as operative mechanisms. 

4.4.7 Could differences in the local environment contribute to the differences 

between vagal NC sub-populations in vivo?   

The somitic environments encountered by NCCs en route to the gut have important 

effects of ENS generation [164].  There are gene expression differences between the post-

otic somites and the general trunk somites [353], and there are differences related to the 

somite level that affect NCCs migration [117, 157, 354].  In addition, avian post-otic 

somites, with a functional border at about s5/6, fail to elicit sympathetic neuron 

differentiation [109, 355] and dorsal root ganglion formation and survival [356]. Thus 

different segment-level environments could also differentially influence the spatial and 

numerical contributions of vagal NCCs to the ENS, but this requires further investigation. 
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4.4.8 Do vagal NC somite level sub-populations have innately different ENS-

forming competence?  

Additional to non-specific differences affecting NC levels, some innate regionalisation of 

ENS potential must also be present in the NC since there is a marked decrease in ENS-

forming ability caudal to the s7/8 border [107, 109]. This Chapter tested this with finer 

spatial detail by using single-somite lengths of quail vagal NT as NCC donors for aneural 

chicken mid/hindgut. This was similar to previous experiments [107, 109, 197], with the 

NC donor moiety reduced to a single somite-length. This also removed competition 

between vagal NC somite level sub-populations, a mechanism proposed by Kuo and 

Erickson [117] to account for the spatial restriction of rostro-vagal NCCs.  In addition 

possible confounding factors due to different levels of adjacent tissues (somites etc.) were 

avoided by omitting these tissues. Additionally, because of the considerable reserve 

capacity of NC populations to form ENS [347], to further challenge their ability, we 

increased the length of aneural gut to be colonized and reduced the time available for 

colonization and differentiation. 

NC of s3 and s4-level formed ENS that was similar in distribution, cell density and neuron 

differentiation to that achieved by enteric NCCs from donor midgut controls. Vagal NC 

populations rostral and caudal to this had lower capacity to colonize the intestine and 

form ENS in similar assays, but this capacity dropped abruptly to almost zero at s8 level. 

This provides much greater spatial detail of ENS-forming competence than previous 

studies [107, 109]. Regional differences favouring the s3-level compared to the s1-level 

have also been observed in in ovo transplant experiments by Barlow et al. [157]. Other 

studies have noted that when s6 and s7-level NC was included as ENS donors in intestine 

CAM grafts, ectopic melanocytes were found instead of neurons in the gut plexuses [197], 

thereby resembling trunk NC [107, 109, 343]. This fits with the view of Kuo and Erickson 

[116] of the vagal region being a transition between cranial and trunk levels. 

Therefore, in addition to a position of origin advantage, there is along the vagal level an 

innate gradation in ability to form ENS which peaks at mid-vagal NC levels and this 

mirrors the spatial map of vagal NC fate. 
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4.4.9 Why is neuron differentiation deficient when vagal NCCs are supplied 

directly in CAM grafted gut?   

In CAM grafted gut, NC-derived cells from ‘gold standard’ midgut donors not only 

populated the enteric plexuses richly but the level of neuron differentiation was high, 

almost half the ENS cells [347], similar to the ENS in vivo [357].  In contrast, when vagal 

NCCs were derived from single-segment neural tube donors, the proportion of ENS 

neurons was lower, particularly for rostro- and caudo-vagal levels. Taking all the grafts 

together, the higher the ENS cell density, the higher the proportion of neurons. This 

suggests that, as enteric NCCs increase in density, neuron differentiation rather than 

proliferation becomes increasingly probable [241]. 

However, this is not a complete explanation, because total ENS cell density and density 

of non-neuronal cells were higher from s3 and s4-level donors than that achieved by 

midgut ENS ‘gold standard’ donors, yet the neuron proportion was still somewhat lower, 

significantly lower for s4 level. One possible contribution to this is that pre-migratory 

NCCs (starting age QE1.5) have had less time for neuronal differentiation, compared to 

that achieved by older midgut enteric NCCs (starting age QE4). Another possibility is that 

vagal NCCs normally acquire some innate differentiation capacity in the normal 

migration environment in the somites en route to the foregut [164], and this is lacking in 

grafts where vagal NCCs were supplied directly to aneural gut. These possibilities could 

be tested simply by increasing the duration of the graft or by interposing vagal somites in 

the graft combinations, respectively. 

4.4.10 Implications for stem cell replacement therapies for ENS neuropathies.   

Enteric neuropathies are relatively common and stem/progenitor cell approaches for 

investigating and even treating disorders of the ENS are being explored [294, 300, 358]. 

Many methods have been described for producing human NC-like cells [359], but 

developmental studies suggest that certain spatially defined NCCs are optimal for later 

ENS differentiation [107, 109]. The results from this Chapter demonstrated that the vagal 

NC as a special region for ENS formation is not uniform. The distinct intrinsic differences 

in fating/competence within the vagal region should be considered in choice of 

stem/progenitor cell donors [360]. 
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5 Stochastic clonal expansion of “superstars” enhances the 

reserve capacity of enteric nervous system precursor cells 

This chapter is published in Developmental Biology (2018) in full [361]  
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Supplementary Figure 1 

Images of the quail gastro-intestinal tract at ages used in this study.  

A.Cell counts of the ENS were made by dissecting out the gastrointestinal tract at various 

ages. For QE2.5 to QE4 the pre-umbilical gut was removed entire and in QE7 and QE12 

the gut was cut into segments. Gut tissues were dissociated, labelled with HNK1 (QE2.5, 

QE3.5) or SoxE and HuC/D antibodies (QE4-QE12). ENS cells were counted with a 

haemocytometer.  

Oes.: oesophagus; provent.: proventriculus; giz.: gizzard; duo.: duodenum; MG1: pre-

umbilical midgut; MG2: post-umbilical midgut: caec.: caeca; HG: hindgut. 
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Supplementary Figure 2 

Confocal image of a QE3.5 foregut/pre-umbilical midgut (FG+MG1) fragment with 

one EGFP enteric NCC.  The gut fragment has been labelled for SoxE, GFP and HuC/D 

(blue, green and red respectively). The fragments (as in Suppl. Fig. 3) had SoxE cells and 

one EGFP cell. The red traces on the surface are non-specific antibody binding, HuC/D 

neurons have not differentiated in this tissue at this stage. 

 

 

Supplementary Figure 3 

The number of enteric NCCs in the young donor small fragments was estimated from 

wholemounts. Outlines of typical fragments (examples: dotted areas) were superimposed 

onto SoxE quail distal FG and MG1 at QE3.5 and the contained SoxE
  
cells were counted. 

At this stage there are no HuC/D cells. umb.: umbilicus. 
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Supplementary Figure 4 

When small number of enteric NCCs were labelled with GFP, labelled axons can be 

followed in detail. Stack of 6 confocal en face sections of the myenteric plexus in the 

midgut of a CAM graft. 

 

 

Supplementary Figure 5  

Distribution and clone size of enteric NC agents in CA models with different starting 

numbers of agents and simultaneous elongation of the gut domain. Ten simulations of 

each are shown.  The enteric NC agent population was allowed to expand to reach 

150,000 in each case.  Large clones are more frequent and are widely distributed when 

the starting number is 40 agents, whereas with starting number of 600 agents, small 

clones are more numerous and the cells of large clones tend to be placed distally (i.e. to 

the right).  



98 
 

6 The Enteric Neural Crest Progressively Loses Capacity to 

form Enteric Nervous System 

This chapter is published in Developmental Biology (2019) in full [362]  
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Supplementary Figure 1. Scheme showing spatiotemporal origin of ENS cells from the 

pre-umbilical midgut (MG1) and hindgut (HG) of quail embryos, in relation to the 

position of the vagal enteric NCC wavefront 
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Supplementary Figure 2. Wholemounts of chick embryo midgut/hindguts after 8 days 

growth on the CAM. A. Graft colonized completely by quail enteric NCCs from a QE6 

midgut donor (circled). B. Similar preparation with QE8 midgut enteric NCCs donor. 

Colonization by enteric NCCs is restricted to the recipient midgut.  (The distal extent of 

colonization is indicated by the arrow.) C. Similar preparation with QE10 midgut enteric 

NCC donor. Colonization by enteric NCC is restricted to the recipient midgut directly 

adjacent to the donor. Insets show the decrease in ENS ganglionation with age of donor. 
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Supplementary Figure 3. Length measurements of quail embryo pre-umbilical midguts 

(MG1) and counts from dissociated and immunolabelled cells of the same tissue of age 

QE5 to QE10.  A. The MG1 increases in length and cell number with age from QE5 to 

QE10. B.  The ENS (HNK1
+
 cells) in MG1 increases in cell number from QE5 to QE10, 

and in proportion relative to total MG1 cells from QE5 to QE8 but by QE10  the 

proportion falls as non-ENS cells ‘outgrow’ the ENS. C.  The calculated number of 

apparently undifferentiated NC-derived cells (uNCdC: HuCD
-
/ B-FABP

-
/HNK1

+
) in a 

standard donor (250 mm length) is highest at older stages when ENS colonization 

capacity is least. Error bars: SEM. 

 

Supplementary Figure 4. Wholemounts of chick embryo distal hindgut in CAM grafts, 

colonized by quail enteric NCCs from ‘tiny’ QE3.5 midgut enteric NCCs donor. A, B. 

After 8 days growth on the CAM, the distal hindgut enteric NCCs derived from the quail 

donor (QCPN+) are mostly in the submucosal layer as sparse chains with few neurons 

(HuCD
+
): this resembles the early migratory phase. C, D. After 10 days on the CAM, the 

distal-most quail ENS has matured to form ganglia with neurons and support cells. 

  



109 
 

7 Enteric neural crest/glia cell and neuron interaction 

directs enteric nervous system cell invasion and axon 

extension 
 

7.1 Introduction 

The development of the PNS is marked by the co-distribution of axons and NC-derived 

neural cells such as progenitor cells and glial cells. Many studies have been interpreted 

as the NC-derived cells using axons as guides [363]. In vitro studies showed mouse 

Schwann cells migrating along autonomic axons [364], and axonal guidance of Schwann 

cells has been observed in vivo in the Zebrafish lateral line [365]. Recent studies have 

also pointed to the importance of axons as guides for Schwann cell precursors (SCPs) 

which supply some neurons of the sympathetic, parasympathetic and ENS as well as 

endocrine cells of the sympathetic-related chromaffin bodies [341, 366-369]. SCPs are 

nerve-associated cells that retain multi-potency like their immediate NCC ancestor [370]. 

Sacral NC-derived cells are described as entering the embryonic hindgut by migrating 

along pre-existing nerve of Remak (chick) or pelvic plexus (mouse) axons [163, 339], 

and the SCPs of late-appearing ENS neurons in the mouse also appear to follow axons 

[154]. 

Conversely, however, other studies have been interpreted as the axons using the NC-

derived cells as guides. In vitro studies have showed that chick glial cells are preferred 

substrates for axon extension [371].  In vivo, NC-derived cells appear to provide a 

template or corridor for cranial sensory axons (and migratory sensory neuroblasts) [372]. 

NCCs, presumed to be fated to be Schwann cells, were observed in the chick embryo limb 

in advance of ingrowing axons [373], while ablation of NC in embryos led to failure of 

growth of NT-derived axons into the limb of the urodele Ambystoma [374] and the chick 

[375]. These results are consistent with axon extension being dependent on or influenced 

by the NC-derived cells. The relationship of growing axons and neural cells is clearly 

complicated and diverse. 

As well as interactions between axons and NC-derived cells, axon-axon and cell-cell 

interactions also occur.  Axonal growth cones extend along previous axons [376]. In 

addition, movement of the NC-derived cells themselves requires directionally instructive 

cell-cell contacts [90] which are increasingly the subject of molecular and 

biomathematical analyses [377-380]. 
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The ENS is a vast and complex network of neurons, glial cells, axons and progenitor cells 

within the gut wall. The ENS via its network of connections influences intestinal 

functions including electrolyte balance, nutrient transfer, blood flow and peristalsis [333]. 

Combining information from rodent and avian models, the neurons and glia of the ENS 

derive from migratory NC progenitor cells, like the rest of the autonomic nervous system. 

The main source is a small sub-region of the NC located in the hindbrain/trunk border 

termed the vagal NC [12, 116, 117, 335, 337, 341], although there are also contributions 

from the sacral NC [163, 339] and, later, from trunk NC-derived SCPs [154]. 

Vagal NCCs initially migrate to the nearby foregut where they are activated to invade gut 

mesenchyme [164] and are then termed enteric NCCs. The enteric NCCs then colonize 

the midgut and hindgut in a timetabled rostral-to-caudal wave of cells migrating in the 

gut mesenchyme [161, 188, 250, 381]. This migration process has been extensively 

investigated by time-lapse micro-imaging [184, 185, 198, 382]. 

Enteric NCCs colonization of the gut is enabled in part by integrin-1 receptors on enteric 

NCCs [75] whose ligands are ECM components of the gut wall [250].  Contacts between 

enteric NCCs are also important in ENS colonization; enteric NCCs occur as dynamic 

chains during migration and enteric NCCs that become isolated from other enteric NCCs 

lose directionally persistent movement [184, 382].  As enteric NCCs migrate through the 

gut mesenchyme, a subpopulation of the cells differentiate into neurons and the first ENS 

axons project in the same tissue layer and predominantly in the same rostral-to-caudal 

direction as the net direction of the enteric NCCs. This differentiation and axon projection 

occur early in the mouse ENS, where the earliest neurons are found close behind the 

enteric NCCs wavefront and axons are found among the wavefront enteric NCCs [214, 

382]. In the avian intestine, ENS cell differentiation and axon extensions are similar but 

behind the enteric NCC colonization wave [383]. However, the trajectory of the axons is 

straighter than the meandering course of individual enteric NCCs [220, 250, 382]. Enteric 

NCCs and ENS axons display intimate contacts and in addition they alter their behaviour 

co-ordinately when disturbed: for example when enteric NCCs are experimentally placed 

at the caudal end of gut explants, they migrate in an caudal-to-rostral direction, and the 

newly extending ENS axons also project in this direction, this being the opposite direction 

to that in normal development [214]. These results are consistent with an interaction 

between enteric NCCs and ENS axons [382, 383]. 
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This Chapter, using the avian intestinal organ culture model [100], attempts to tease apart 

the mesoderm, enteric NCC, enteric neuron and enteric axon variables to gain 

information of the interdependency of ENS axons and ENS cells in the early stages of 

establishment of the ENS. In brief this Chapter confirms that i) gut mesoderm lacking 

ENS neurons, enteric NCCs and axons permits or supports enteric NCC migration, 

proliferation and differentiation and that this ability persists longer than normal window 

for this activity; ii) effective enteric NCC migration depends on proliferative ability and 

is not innately directional; iii) migratory enteric NCCs cannot invade gut where a full 

ENS consisting of ENS neurons, enteric NC/glial cells and axons is already present; iv) 

enteric NCCs can invade (but at lower density) gut where ENS neurons and axons are 

present but enteric NCCs are absent, but their differentiation into neurons is impaired; v) 

the first ENS axons, in contrast to enteric NCCs, can extend rostrally or caudally into gut 

when a full ENS is present; vi) this axon extension fails in gut where ENS neurons and 

axons are present but enteric NCCs are absent, that is, these early ENS axons are unable 

to use pre-existing axon tracts and enteric neurons as guides and stepping stones; vii) this 

axonal growth failure is rescuable by providing a separate source of enteric NCCs. These 

results suggest that the parallel processes of enteric NC and axon extension into the gut 

show underlying differences and point to the idea that enteric NCCs do not require ENS 

axons as templates for their characteristic chain-migration into gut mesodermal tissue 

although axon-NCC contacts occur when both are present, but the advance of the first 

ENS axons being dependent on the presence of enteric NC/glial cells.    

7.2 Materials and Methods 

Avian embryos   

Chick and quail embryos were used as described in section 2.1.2 

Dorsal NT/NC ablation to produce aneural gut 

Dorsal NT/NC ablation in ovo was performed on ChE1.5 embryo as described on section 

2.2.4. Incubation was continued for a further 5 days. 

NT electroporation to label ENS axons 

The electroporation of transposon-based genome-integrating GFP constructs was 

performed on vagal NT of QE1.5 embryos as described on section 2.2.3. Incubation was 

continued for a further 5 days. 



112 
 

Avian gut disection 

Normal QE4.5 and QE6, and also NT electroporated QE5.5 and NT ablated ChE6.5 

embryo guts from the duodenum to the cloaca were dissected. For GFP labelled axon 

donor, the NT electroporated QE5.5 midguts were further dissected into about 150-250 

m small fragments. 

For young aneural gut (the post-umbilical midgut, caeca and hindgut) was dissected from 

ChE4.5 embryo. 

For enteric NCC donor, QE5-5.5 proximal midguts were collected and further dissected 

into about 150-250 m small fragments. 

Removal of enteric NC/glial cells from the ENS by mitomycin-C pretreatment 

Some disected guts were treated for 2 h at 37°C with mitomycin-C (MMC; 5 μg/mL) then 

washed several times in culture medium before establishment in catenary or kebab 

cultures. 

To test MMC effects, the combination of aneural ChE4.5 mid-hindgut and QE5 midgut 

donor was first in vitro catenary cultured for 3 days (see below), then treated with MMC 

as above and cultured for further 2 days. 

In vitro organ culture 

For single guts and chick-quail combination with young aneural mid-hindgut host, in 

vitro organ culture was performed as catenary gut organ culture as described on section 

2.2.9. For chick-quail combination with whole gut hosts, chick-quail gut “kebab” grafts 

were performed as described on section 2.2.8.  

Tissue fixation, immunolabelling and microscopy 

The wholemount tissue fixation, antigen retrieval, immunolabelling and microscopy were 

performed according to section 2.2.14 to 2.2.18. 

ENS cell and axon counting 

For estimating the density of ENS cells in immunolabelled wholemounts of 0-4 day 

catenary cultures, Hu+ve, SoxE+ve and QCPN+ve cells were counted on the proximal 

(pre-umbilical) midgut and distal (post-umbilical) midgut as described on section 2.2.19. 
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To estimate axon density, 100 m lines were placed across the centre of the images of 

midgut perpendicular to the gut axis. The number of EC8+ fibres that crossed this line 

was recorded as a comparative measure of axon density. No attempt was made to 

distinguish individual fibres in fibre bundles. For each set of 7-8 specimen, 2 transects 

were counted for each experimental category.  To estimate axon length, GFP+ axons were 

imaged with a x4 objective and the 5 longest axons projecting anally and orally were 

measured. 

Statistical analysis 

All statistical tests were performed as section 2.2.22. 

7.3 Results 

7.3.1 General Results 

7.3.1.1 Development of enteric NC/glial cells, neurons and axons in vitro 

The intestine in catenary culture, unlike in vivo, shows minimal growth overall but the 

ENS continued to develop [317].  Progressive extension caudally of the enteric NC/glial 

cells (ie. SoxE+ve cells) led to full colonization of the cultured intestines. In addition, the 

number and density of ENS cells increased in each region of the intestine in organ culture, 

comparable to that seen in vivo. Likewise the number and density of differentiated 

neurons (ie. Hu+ve cells) and their degree of aggregation (ganglion formation) also 

increased over 2-5 days in catenary culture. These changes were more significant in 

caudal midgut, since it started with less developed ENS (Figure 7-1). However, a subtle 

differences from the ENS in vivo became evident in vitro. The neuron:enteric NC/glial 

cell ratio in the embryonic midgut myenteric plexus gradually rises in normal 

development to stabilize at about 1.2:1 [357, 361] but in QE6 gut in catenary culture, by 

4 days the ratio of neuron : enteric NCC/glial cell rose to about 2:1 (Figure 7-1).   

In terms of axonal elaboration, EC8+ve fibres in the intestine at the start of culture of 

QE6 midgut were present but sparse and longitudinally oriented near the enteric NCC 

wavefront, and were increasingly dense with complex network orientation in regions that 

had been colonized longer. This elaboration of nerve fibres occurred progressively with 

time in catenary culture and with a rostral to caudal gradient much as in vivo (Figure 7-

2). 
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These results confirmed that these organ cultures are a spatiotemporally reliable model 

for colonization of the intestine by enteric NCCs, their differentiation into neurons, 

aggregation into ganglia and extension of axons. 

 

Figure 7-1. The ENS develops in catenary culture. The QE6 proximal midgut (A) is 

temporally advanced in ENS cell density and neuronal differentiation relative to the 

caudal midgut (B) at the start. Eventually (+4d) neurons become the major population 

as the enteric NC/glial cell density declines.  Neurons were revealed by Hu 

immunoreactivity and enteric NC/glial cells by SoxE. Each measurement was made at 

two segments of the midgut at each time point of N=8 (0 d) or N=7 (+1-4 d) specimens 

of QE6 gut organ cultures.  Error bar: SEM. *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001 vs 0d; †P<0.05, ††P<0.01, †††P<0.001, ††††P<0.0001 vs 1d; ∆P<0.05, 

∆∆∆P<0.001 vs 2d; ◊P<0.05, ◊◊◊P<0.001 vs 3d; #P<0.05, ##P<0.01 vs 4d. 

 

Figure 7-2. ENS axons increase in number with time in organ culture. The number of 

nerve fibres crossing an arbitrary 100 m transect in the QE6 midgut increases with days 

(d) in culture. This increase to a greater degree in the caudal midgut, since the starting 

nerve fibre density was lower. Error bar=SEM. **P<0.01, ***P<0.001, ****P<0.0001 

vs.QE6+0d; †††P<0.001, ††††P<0.0001 vs. QE6+1d; ◊◊◊◊P<0.0001 vs. caudal 

midgut. 
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7.3.1.2 Manipulation of the ENS  

7.3.1.2.1 Enteric NCCs are lost after MMC treatment and enteric neurons and 

axons persist but show subtle changes 

In catenary culture, ENS cell counts on QE4.5 proximal midgut (ie. recently colonized) 

were progressively increased for both enteric NC/glial cells and neurons. However, after 

MMC treatment, the Hu+ve cells were stabilized but over time SoxE+ve cells gradually 

disappeared (Figure 7-3 A).  Progressive loss of cells with SoxE immunoreactivity was 

also seen in QE6 intestine organ cultured after MMC treatment.  Reduction of SoxE+ve 

cell counts was detectable after 1 day and SoxE+ve cells were almost completely absent 

after 2 days (Figure 7-3 B).  The disappearance of SoxE immunoreactivity was not due 

to loss of SoxE expression in enteric NCCs that were covertly present, because when 

chick intestine with quail ENS was treated with MMC, 3 days later QCPN+ve/Hu+ve 

neurons were present but QCPN+/Hu-ve cells were absent (Figure 7-4 A) whereas 

QCPN+/Hu-ve cells (which were also SoxE+) were plentiful in untreated controls (Figure 

7-4 B). 

 
Figure 7-3. Pre-treatment with MMC causes loss of enteric NCCs but ENS neurons 

persist. Specimens were treated with MMC for 2 h then cultured for stated times.  Neurons 

and enteric NC/glial cells were immunolabelled for Hu and SoxE respectively. (A). QE4.5 

midgut in culture shows increase in neuron and enteric NC/glial density over 3 days 

culture, but after MMC the neurons remain but do not increase while enteric NC/glial 

cells disappear after 2 days.  (B). QE6 gut in culture as above showing decline in enteric 

NC/glial cells detectable by 1 d after mm-C . QE6+0d specimens (N=8), others N=7. 

Error bars: SEM  A. ***P<0.001, ****P<0.0001 vs. Ctrl d0; ◊◊ P<0.01, ◊◊◊P<0.001, 

◊◊◊◊P<0.0001 vs, Ctrl+1d; ꝉꝉꝉꝉP<0.0001 vs. Ctrl+2d. B. *P<0.05,****P<0.0001 vs 0d; 

††P<0.01,††††P<0.0001 vs MMC+0d;  ∆P<0.05, ∆∆∆∆P<0.0001 vs MMC+1d. 



116 
 

 

Figure 7-4. Enteric NCCs are removed by MMC. (A). Control ChE4.5 aneural host 

midgut colonized by ENS cells from QE5 midgut donor for 5 days have abundant 

QCPN+ve/SoxE+ve enteric NCCs as well as QCPN+ve /Hu+ve neurons. (B). Similar 

specimen treated with MMC at 2 days then cultured for additional 3 days shows loss of 

QCPN+ve/SoxE+ve  enteric NCCs but preservation of QCPN+ve /Hu+ve neurons 

ENS neurons in the above QE4.5 and QE6 proximal midgut organ cultures remained at 

the same density as when MMC had been applied, and they did not increase as occurred 

in the untreated controls. Similarly, the number of EC8+ve axons neither increased (as in 

controls) nor decreased for 2 days after MMC treatment (Figure 7-5), but immunoreactive 

intensity markedly declined after 3 days. 

These trials show that avian ENS possessing neurons and axons but lacking enteric 

NC/glial cells can be created experimentally by pre-treatment with MMC, and these can 

be used as ENS donors or ENS hosts for enteric NCC and axon growth experiments. 

 

Figure 7-5. Lack of effect of pretreatment with MMC on ENS axon density. The QE6 

proximal midgut was treated with MMC for 2 h then cultured for stated times. Axons were 

immunolabelled for EC8. The number of nerve fibres crossing an arbitrary 100 m 

transect was counted.  
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7.3.1.2.2 ENS axon extension into gut can be detected by GFP-electroporation of 

vagal NCCs   

In tissue combination cultures using donor gut from GFP-electroporated embryos, 

GFP+ve axons extended into recipient gut. The number of GFP+ve axons was variable 

[350, 384] but the GFP signal enabled them to be followed for long distances. This 

allowed ENS axon extension from donor tissues to be detected, complementing the 

tracking of donor enteric NCCs using the quail/chick system. 

7.3.1.2.3 Aneural gut can be generated by vagal NT/NC ablation 

Vagal NT/NC ablation at ChE1.5 often caused the death of the embryo before collect at 

ChE6.5, only half of them were survivors. However, in the survivors the intestine was 

outwardly normal for the embryonic age. Not all NT/NC ablations successfully removes 

the ENS from the entire gut [27], so, to confirm the aneural gut to be generated, a small 

segment of duodenum was collected from each individual and immunolabelled with NC-

derived cell marker HNK, SoxE or Hu (Figure 7-6). The further distal gut (distal midgut, 

caeca, proximal hindgut) with negative staining was treated as aneural gut.  

 

Figure 7-6. Ablation in ovo of the chick vagal neural crest at E1.5 depletes the ENS at 

E6.5. The effect of ablation on the ENS in the duodenum was variable, ranging from 

virtually normal ENS neuron (Hu label) density (A), low density (B) to absence (C). 

7.3.2 Experimental Results 

7.3.2.1 Donor enteric NCCs and ENS axons extend into gut lacking ENS, and 

neuronal differentiation occurs 

Donor QE5 midgut tissue with enteric NCCs bidirectionally colonized host early ChE4.5 

aneural mid and hindgut in kebab organ culture over 2-5 days has been shown previously 

[100]. This Chapter showed similar donor tissues colonized older ChE6.5 aneural midgut 

which was produced by vagal NC ablation in ovo at E1.5 (Figure 7-7). These donor enteric 

NCCs appeared with increasing distance and density in the recipient gut tissue, and donor-

derived neurons differentiated in increasing numbers. Axons were detected by EC8 
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antibody with numbers increasing with time in culture (Figure 7-7). The axons were 

closely associated with colonizing enteric NCCs.  

 
Figure 7-7. Donor enteric NCCs and ENS axons extend into gut lacking ENS. The kebab 

of QE5 midgut donor and ChE6.5 aneural midgut host (ie. NT/NC previously ablated) 

was examined. (A). The Key here is used for the diagrams through out this Chapter. (B). 

The diagrams illustrate how the kebab combination was set up. (C). After 2-3 days in 

vitro culture, donor quail NC-derived cells (SoxE+ve) extended into the older ChE6.5 

aneural midgut, with (D) axon (EC8+ve) extension. (E). The QCPN+ve cells and axons 

were closely associated. 

7.3.2.2 Donor ENS axons but not enteric NCCs extend into gut with ENS 

When QE5 midgut donor was combined with normal ChE6.5 midgut host (Figure 7-8 A), 

enteric NCCs from the donor failed to extend into colonized host midgut in kebab culture 

for 2 days (Figure 7-8 B). Donor cells were not found more than 100-200 m from the 

donor mesodermal tissue boundary (Figure 7-8 B’). In co-cultures of longer duration (4 

days), some QCPN+ve cells extended into the host gut adjacent to the donor (Figure 7-9 

A), but these cells were not in the ENS ganglia and not labelled by neural markers (Figure 

7-9 B), but were QH-1+ve indicating that they were endothelial cells (Figure 7-9 C and 

D). 
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Figure 7-8. Donor ENS axons but not enteric NCCs extend into gut with ENS. (A). The 

kebab of QE5-5.5 midgut donor and colonized ChE6.5 midgut host was examined. (B, 

B’). After 2 days culture, donor quail NC-derived cells (QCPN+ve) fail to extend into the 

colonized ChE6.5 midgut, with a clear boundary. (C). The donor-derived GFP+ve axons 

extended both orally and anally with a pronounced longitudinal orientation (C’) 

 

Figure 7-9. Non-ENS cells of donor origin invaded into host gut, given extended time. 

The kebab of QE5 midgut and ChE6.5 midgut was cultured in vitro for 4 days. (A). Some 

QCPN+ve invaded the host gut bidirectionally. (B). These QCPN+ve were neither within 

ganglia nor expressed neural markers. (C, D). These cells are  QCPN+/QH1+ve, 

indicating endothelial cell origin. 



120 
 

In contrast to donor enteric NCCs, GFP+ve axons from the QE5.5 prior GFP-transfected 

donor graft projected both orally and anally (Figure 7-8 C) with a relatively straight 

longitudinal orientation (Figure 7-8 C’). Length measurements of donor-derived axons in 

host gut showed that anally directed axons had longer projections than did axons 

projecting orally (Figure 7-10). 

 

Figure 7-10. ENS axons project further anally than orally. Axons from GFP-

electroporated proximal midgut (QE5.5) implanted into ganglionated midgut (QE6.5) for 

3 days extend axons longitudinally orally and anally, but anal projections are typically 

longer.  Five longest axons in each direction were measured in 10 specimens. Error bars: 

SEM. *** P<0.001 

7.3.2.3 Donor enteric NCCs and ENS axons extend into gut with ENS neurons and 

axons but lacking enteric NCCs 

Quail donor enteric NCCs entered recipient chick gut that had been treated with MMC 2 

days previously; these host guts possessed ENS neurons and axons but lacked enteric 

NCCs over 2 days co-culture (Figure 7-11 A-D). This bidirectional colonization by donor 

enteric NCCs was similar to that seen in untreated younger or older (vagal NC-ablated 

E6.5) aneural host gut in terms of distance along the gut, but the density of donor enteric 

NCCs in the host gut was less than when the host was aneural. In addition, these donor 

quail derived cells associated with pre-existing neuron and axon. Some donor derived 

NCCs differentiated into neurons (QCPN+ve/Hu+ve) and formed ganglia mixed with pre-

existing neurons (Figure 7-11 D). Donor GFP+ve axons also extended into the host tissues 

in association with donor enteric NCCs and with the host neurons (Figure 7-12).   
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Figure 7-11. Donor enteric NCCs extend into gut with ENS neurons and axons but 

lacking enteric NCCs. (A). The kebab of QE5 midgut donor and MMC treated ChE6.5 

midgut host was examined. (B). After 2-3 days in vitro culture, donor quail NC-derived 

cells (QCPN+ve) extended into the MMC treated ChE6.5 midgut bidirectionally. (C). 

QCPN+ve cells are closely associated with neurons and axons. (D). The ganglia are of 

mixed origin with QCPN+ve and QCPN-ve neurons  but SoxE+ve cells are all QCPN+ve. 

 
Figure 7-12. Donor ENS axons extend into gut with ENS neurons and axons but lacking 

enteric NCCs. (A). The kebab of QE5.5 midgut donor (with GFP labelled ENS cells) and 

MMC treated ChE6.5 midgut host was examined. (B). After 2-3 days in vitro culture, 

donor GFP derived axon extended into the MMC treated ChE6.5 midgut bidirectionally. 

(C). GFP+ve axons are closely associated with donor enteric NCCs (SoxE+ve) and pre-

existing neurons (Hu+ve). 
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7.3.2.4 Donor enteric NCCs differentiation into ENS neurons is inhibited by pre-

existing neurons 

With the above catenary cultures, colonizing enteric NCCs from QE5 donor midgut also 

differentiated as neurons in MMC pre-treated host gut. However, the proportion of donor 

cells that differentiated as neurons in this neuron-containing host gut was less than that 

achieved in similar aged but aneural (ie. vagal NT/NC ablated) host gut (Figure 7-13).  

Donor-derived enteric NC/glial cells were closely associated with neurons of both origins 

(Figure 7-11 D).   

 

Figure 7-13. Pre-existing neurons inhibit neuron differentiation. Quail enteric NCCs 

colonized host chick midgut lacking ENS (ENS ablation) or lacking enteric NC/glia cells 

but possessing neurons (MMC treated). After 2 days colonization a greater proportion of 

enteric NCCs had differentiated as neurons in the former host as in the latter. Error bars: 

SEM. **** P<0.0001 

7.3.2.5 Donor ENS axons without donor enteric NCCs extend into gut with ENS 

but fail in gut lacking ENS 

GFP+ve axons from 2 day post-MMC pre-treated QE5.5 proximal midgut (i.e. donor gut 

with ENS neurons and axons but lacking enteric NCCs) extended into host neural ChE5 

gut over 2 days (Figure 7-14).  These ingrowing donor axons were associated with pre-

existing ENS cells.  

In contrast similarly MMC pre-treated donors failed to extend GFP+ axons into host gut 

that was devoid of ENS due to its young age (ChE4.5, HH24; Figure 7-15 A, B) or due 

to prior vagal NC-ablation (ChE6.5, HH29-30; Figure 7-15 C, D).  Since MMC treatment 

does not itself prevent NCC locomotion in conventional cell culture [100], this suggests 

that MMC treatment of the donor prevented axon extension either by directly acting on 

the neurons or axons or indirectly by its action on the enteric NCCs. 
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Figure 7-14. Donor ENS axons without donor enteric NCCs extend into gut with ENS. 

(A). The kebab of MMC treated QE5.5 midgut donor (containing GFP labelled ENS cells) 

and ChE5 post-umbilicus midgut host was examined. (B). After 2-3 days in vitro culture, 

donor GFP derived axon extended into the neural ChE5 midgut. (C). GFP+ve axon are 

associated with pre-existing ENS cells. 

 
Figure 7-15. Donor ENS axons without donor enteric NCCs fail to extend into gut lacking 

ENS. (A). The kebab of MMC treated QE5.5 midgut donor (containing GFP labelled ENS 

cells) and ChE4.5 aneural post-umbilicus mid-hindgut host was examined. (B). After 2-3 

days in vitro culture, donor GFP derived axons fail to extend into the aneural ChE4.5 

midgut. (C). The kebab of MMC treated QE5.5 midgut donor (containing GFP labelled 

ENS cells) and ChE6.5 NT ablated aneural midgut host was examined. (D). After 2-3 

days in vitro culture, donor GFP derived axon fail to extend into the aneural ChE6.5 

midgut. Note: No Hu+ve and SoxE+ve staining demonstrates NT ablation was successful 
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7.3.2.6 Donor ENS axons without donor enteric NCCs fail to extend into gut 

lacking enteric NCCs despite having ENS neurons and ENS axons. 

GFP+ axons from 2 day post-MMC treated quail donor gut (i.e. ENS lacking enteric 

NCCs) never extended over 2 days co-culture into MMC pre-treated host gut that was 

devoid of enteric NCCs even though ENS neurons and axons were present (i.e. in 2 day 

post-MMC treated E6.5 chick host neural gut) (Figure 7-16)  

 

Figure 7-16. Donor ENS axons without donor enteric NCCs fail to extend into host gut 

lacking enteric NCCs. (A). The kebab of MMC treated QE5.5 midgut donor (containing 

GFP labelled ENS cells) and ChE6.5 MMC treated midgut host was examined. (B). After 

2-3 days in vitro culture, donor GFP+ve axons fail to extend into the MMC treated  

ChE6.5 midgut which lack of enteric NCCs but with neurons and axons. (C). The host gut 

only showed Hu+ve cells, no SoxE+ve cells and GFP+ve axons could be detected. 

7.3.2.7 2.7 Donor ENS axons without donor enteric NCCs failure to extend into gut 

lacking ENS or enteric NCCs is rescued by provision of enteric NCCs. 

GFP+ quail E5.5 donors treated with MMC 2 days were also provided with enteric NCCs 

by combining with a separate QE5 proximal midgut donor. This enabled axons from the 

former donor to extend into aneural host gut (ChE6.5, with vagal NT ablation at E1.5) or 

gut with ENS neurons and axons but lacking enteric NCCs (MMC pretreated) with enteric 

NCCs migrating from the latter donor (Figure 7-17).  
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Figure 7-17. Donor ENS axons without donor enteric NCCs failure to extend into gut 

lacking ENS or enteric NCCs was rescued by provision of enteric NCCs. The kebab of 

MMC treated QE5.5 midgut donor (with GFP labelled ENS cells) and ChE6.5 NT ablated 

aneural (A), or MMC treated normal midgut host (B) was examined. After 2-3 days in 

vitro culture, donor GFP derived axons extend into the aneural ChE6.5 midgut (C), or 

MMC treated ChE6.5 midgut (D). 

7.4 Discussion 

Essential steps in peripheral and autonomic nervous system formation are the migration 

of NC-derived cells, their proliferation and differentiation to neurons and glia in 

coalescing ganglia [241, 357, 385, 386], and the extension of axons. It is now clear that 

NC-derived cells and axons interact. This is often assumed to be a leader/follower 

dependency relationship but there is dispute as to which element is leader and which is 

follower, as discussed in the Introduction. 

7.4.1 Catenary cultures are valid models of early ENS development  

This Chapter investigated the question of the initial cell and axon migration in the 

developing avian ENS using an organ culture model.  These catenary cultures [387] are 

an adequate model of the migration of enteric NCCs, their differentiation into ENS 

neurons, and axon growth. 

The age and degree of maturity (at least from E4.5 to E6.5) of the host gut had little effect 

on its capacity to be colonized by enteric NCCs and ENS axons, or on the density of 

distribution of the colonizing ENS cells or on their differentiation into neurons. In regard 

to enteric NCC immigration and neuronal differentiation, this confirms the conclusions 
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of Meijers et al. [388] who produced progressively older aneural host gut by growth on 

the CAM, and showed that young enteric NCCs colonized this older gut if it was aneural.  

In their case, the time span was even wider than that used here, extending up to the 

chronological equivalent of post-hatching stages. 

7.4.2 Pre-treatment of intestine with MMC removes enteric NC/glial cells, 

preserves ENS neurons and does not impede ability to support ENS 

morphogenesis and differentiation  

This Chapter used the mitosis inhibitor MMC to produce an ENS possessing neurons and 

axons but lacking enteric NC/glial cells (shown by loss of SoxE+ve cells), provided 

sufficient time (>2 days) was allowed for the disappearance of the latter.  Experiments 

where the ENS in chick gut was quail-derived showed that this loss of SoxE label after 

MMC treatment was due to loss of the enteric NCCs and not due to down-regulation of 

SoxE expression.  Experiment also showed that MMC treatment of host gut did not itself 

interfere with its ability to support colonization by enteric NCCs, nor to support their 

differentiation into neurons.  Moreover, this MMC treatment of host gut did not prevent 

ingrowth of ENS axons. 

7.4.3 Enteric NCC emigration depends on increasing numbers of donor enteric 

NCCs but immigration is impeded by ENS cells in the host gut  

The present experiments firstly confirmed [100] that inhibition of proliferation in donor 

enteric NCCs by MMC almost entirely suppressed their ability to colonize aneural host 

gut. The results also confirmed that pre-existing ENS cells in gut mesoderm can entirely 

prevent a second wave of enteric NCC colonization. Similar inability to colonize ENS-

occupied intestine has been recorded in avian CAM grafts [388] and in murine and avian 

organ culture [100, 389].  Previous studies suggested that a contributor to this failure to 

colonize is local trophic factor consumption by pre-existing ENS cells which sets an ENS 

carrying capacity at the level of the pre-existing cells, so dissuading the entry of 

supernumerary enteric NCCs  [100].  Additionally close range, possibly contact-

mediated, inhibition with pre-existing enteric NCCs may occur. Contact inhibition of 

locomotion for NCC has been described in cell culture [90, 91, 390] and has been detected 

in time-lapse observations of murine enteric NCCs in catenary gut cultures [382]. These 

mechanisms are not mutually exclusive and both are consistent with experiments where 

opposing avian enteric NC waves mutually restricted each other’s advance when they 

come into contact in previously aneural gut in organ culture [100]. 
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Interestingly, pre-existing ENS neurons and axons alone (i.e. 2-3 days after MMC 

treatment) did not prevent entry by a second wave of enteric NCCs. The longitudinal 

extent of migration of this second wave was similar to that of enteric NCCs in an aneural 

gut explant, but the enteric NCCs density was reduced. This suggests that the inhibition 

between incoming and pre-existing ENS cells was not entirely due to pre-existing ENS 

neurons or axons; indeed the incoming enteric NCCs often became intimately associated 

with pre-existing axons and neurons, and the ganglion formed with mixture of incoming 

and pre-existing NC-derived cells. 

This extensive migration of donor enteric NCCs at reduced density is consistent with the 

carrying capacity of the gut [391] for new enteric NCCs being diminished but not 

abolished when pre-existing ENS neurons are present but pre-existing enteric NC/glial 

cells are absent.  Logistical limits are often set by growth factor availability. A lowered 

carrying capacity results when the mesoderm-produced ENS growth factor GDNF is 

reduced, as in Gdnf+/- mice [182, 392]. GDNF uptake has been described in neurons [393, 

394] and ENS neurons show higher levels of GDNF signaling than do enteric NC 

precursor cells [191]. If signaling intensity correlates with GDNF uptake, then pre-

existing ENS neurons could deplete the gut mesoderm of GDNF but to a lesser degree 

than neurons plus enteric NCCs.  Thus, in the absence of pre-existing enteric NCCs 

(achieved by MMC pre-treatment), the residual ENS carrying capacity provides a 

mechanism for the observed normal extent but reduced density of invading enteric NCCs 

in the presence of ENS neurons. 

7.4.4 ENS axon extension is dependent on the presence of enteric NC/glial cells   

These experiments also showed that the initial ENS axons, like enteric NCCs [88], could 

move bidirectionally but also emphasized that they were dependent on the presence of 

enteric NCCs, either via donor enteric NCCs accompanying the axons or via pre-existing 

enteric NC/glial cells. Surprisingly, pre-existing ENS axons and neurons in the absence 

of enteric NC/glial cells had virtually no ability to support early ENS axon ingrowth. 

Mutual contacts allowing locomotion occur between enteric NCCs and growth 

cones/axons [220, 382, 383], yet pre-existing axons failed to fascilitate growth cone/axon 

extension.  This suggests that the molecules on enteric NC/glial cells that assist axon 

extension are unlikely to be adhesion/signaling molecules such as N-cadherin and NCAM 

because these are present on enteric NCCs which promote axon extension and on neurons 

or axons which do not [192, 241]. L1CAM (NgCAM) is also an unlikely candidate for 
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similar reasons, and in addition it promotes axonal fasciculation [395, 396], whereas the 

early ENS axons, while often arrayed in parallel, are poorly fasciculated.  

7.4.5 Summary and conclusions 

These experiments have revealed some of the rules of interaction between enteric 

NC/glial cells, ENS neurons and axons which control the movement of enteric NCCs and 

axonal growth cones in the intestinal mesoderm. Enteric NCCs and ENS axonal growth 

cones have broadly similar migration patterns [214, 382].  Here we show unexpected 

differences in behavior between enteric NCCs and ENS axons when presented 

differentially with pre-existing enteric NC-derived cells, ENS neurons and ENS axons. 

This Chapter proposes the following scheme:  enteric NC migration is enabled overall by 

mesoderm-derived ECM via integrin-1-mediated adhesions [75, 397], and is 

directionally biased locally by negative contacts (contact inhibition of locomotion) with 

other enteric NCCs even though the enteric NCCs show ever-changing adherence to other 

enteric NCCs [382].  The population density achievable by enteric NCCs is set by 

logistical growth limits, this being dependent on the presence of mesoderm-produced 

growth factor, most likely chiefly GDNF [101], with this being modulated by 

consumption of this growth factor by the GDNF-responding enteric NCCs and by ENS 

neurons. The latter differentiate from the former, with pre-existing neurons exerting 

negative-feedback to limit continued differentiation. The enteric NCCs preferentially 

form contact-associations with and along axons where these are present [383] but are not 

dependent on the presence of axons for colonization. Crucially, in contrast to enteric 

NCCs, growth cones of the early ENS axons are themselves unable to exploit gut 

mesoderm or its ECM for migration and nor can they migrate along pre-existing ENS 

axon tracts nor use pre-existing neuron cell bodies as stepping-stones.  Instead these first 

axons are dependent on non-neuronal ENS cells, enteric NC/glial cells, for their extension 

into the intestinal tissue microenvironment, although axons will persist if these cells are 

later removed. 
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8 The role of differential adhesion of enteric neurons and 

neural crest cells on gangliogenesis during ENS formation 
 

This chapter is a part of a paper published in F1000Research (2015) [357] 

 

8.1 Introduction 

The ENS is derived from NCCs, mostly from the vagal NC [337], chiefly from the level 

of somites s3 and s4 (see Chapter 4) [335]. These cells migrate to the nearby foregut, 

changing en route to become enteric NCCs which are capable of exploiting the gut 

mesoderm [164]. Enteric NCCs migrate in the mesoderm along the midgut and hindgut 

to colonize the entire gastrointestinal tract. This migration takes the form of intersecting 

narrow chains of motile enteric NCCs [184, 185, 242, 382]. Later the ENS comprises a 

network of numerous small closely spaced ganglia with many types of neurons and glia, 

with each ganglion connected via neurites and glial cells to other ganglia and to the 

smooth muscle and the mucosa [217, 218, 242]. This distributed ENS network controls 

peristalsis as well as other gut activities [333]. Developmental disorders of the structure, 

size and organization of the ENS ganglia have consequences for ENS function. Patients 

with hypoganglionosis (fewer, smaller ganglia) or hyperganglionosis (over-abundance of 

ENS cells) are accompanied by dysfunction of the ENS [398, 399].   

How enteric NCCs chain migration evolves into a ganglionated network, and how this is 

disturbed in some pathologies, is not well understood. NC derivatives elsewhere form 

relatively large ganglia, such as the dorsal root ganglia (DRG) and sympathetic ganglia.  

In the forming DRG and sympathetic ganglia, early differentiating neurons occupy the 

centre of cell aggregates with NCCs or glioblasts surrounding this core. This segregation 

is maintained in part by Notch signalling which suppresses neuronal differentiation in the 

peripheral cells [400, 401].  DRG and sympathetic ganglia formation are related to and 

dependent on segmentally spaced cues from their mesodermal microenvironment [402]. 

For example, formation of each the NC-derived sympathetic ganglia relies on the 

scattered NCCs self-aggregating, driven innately by increased N-cadherin homophilic 

adhesion. This is combined with growth factor and cytokine attraction and repulsion from 

a patterned microenvironment to provide the positioning of each of the ganglia [85, 385]. 

The size of the ganglia is also regulated. In the DRG, experimental NC overload and NC 

ablation suggest that the initial size of the ganglia reflects both the NCCs number and 

early proliferation, with the final size being adjusted in normal and NCC overload 
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conditions by reduced proliferation and increased apoptosis. Whereas in NCC under-

supply conditions, compensatory mitosis occurs to increase the DRG cell population 

[386, 403, 404]. 

 The ENS population is enormous but ENS ganglia are each very small and are located 

mainly in two narrow layers associated with the intestinal smooth muscle layers, the 

myenteric ganglia between the longitudinal and circular muscle layers and the sub-

mucosal ganglia internal to the circular muscle. Cues governing the size, shape and 

location of each ENS ganglion are not well understood, but are clearly depending on 

molecules from their local mesoderm microenvironment. Similar with DRG, with 

different sized starting populations of enteric NC progenitors, ENS ganglia achieve 

similar but small size (compared to DRG) and similar density of distribution [107, 161], 

suggesting some regulatory ability. Cell death is of great importance in most of the 

nervous system but is slight in the ENS [405], but it does occur normally in the early 

ENS-fated population, at and before gut colonization, well before the ganglia form. 

Inhibition of this early cell death leads later to increase in the ENS cell population in those 

regions of the gut that are first colonized, and this increase takes the form of more densely 

distributed ganglia, but significantly the ganglia are of normal size and shape [406]. 

The morphogenesis of the ENS is affected by the ECM [250]. The shape, size and pattern 

of ganglia can be altered by manipulation of ECM adhesion properties. NC-restricted loss 

of β1-integrin receptor for ECM adhesion leads to larger, rounder, sparser and abnormally 

patterned ENS ganglia [397]. It is assumed that a major β1-integrin ligand is the ECM 

adhesive molecule fibronectin. Interestingly the morphogenetic disturbance of ENS 

gangliogenesis caused by genetic ablation of β1-integrin can be partially corrected by 

simultaneous deletion of the cell-cell adhesion molecule N-cadherin [251]. In addition, 

BMP4 promotes polysialylation of NCAM on ENS cells which likely down-modulates 

cell-cell adhesivity [248]; this may favour morphogenetic movement of ENS cells to 

allow structure changes. 

ENS neurons, glia and enteric NCCs, show differential labelling for various cell-cell 

adhesion molecules, and also differ from their surrounding mesodermal cells [192, 241].  

This Chapter describes cell-cell adhesion molecules in the ENS, and the roles of cell-cell 

adhesion in aggregation tests in vitro.  In particular, this Chapter explores why the ENS 
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ganglia are similar and small in size and why the initial cell disposition in ganglia has the 

pattern of central neurons surrounded by enteric NC progenitor cells. 

8.2 Materials and Methods 

Embryo  

Chick and quail embryos were used in this Chapter as described in section 2.1.2 

Midgut dissection 

The midguts were dissected from quail embryos at half-day intervals from QE4.5 (HH25) 

to QE8 (HH34) and then at intervals to QE14 (HH43) as described in section 2.2.6. In 

addition, ChE9 midguts were also dissected  

Cell dissociation 

QE5 (HH27), QE8 and ChE9 (HH34-35) midgut tissue pooled from 15-60 embryos were 

dissociated according to section 2.2.10. Cells from QE8 mid-trunk DRG were dissociated 

in the same way. 

Fluorescent labelling and FACS  

Dissociated intestinal and DRG cells were FACS sorted with NC-derived cell marker 

HNK1 according to section 2.2.11. In some cases, quail E8 midgut ENS cells were also 

double labelled with HNK1 and NCAM, the mouse anti-NCAM was followed by goat 

anti-mouse IgG Alexafluor 647.  

ENS cells monolayer culture  

FACS-selected HNK-1+ve and HNK-ve quail E8 midgut ENS cells were monolayer 

cultured as described in section 2.2.12. Cells were fixed at 18 h to 66h in vitro, and 

immunolabelled as section 2.2.14 and section 2.2.17.   

ENS cell aggregation 

After FACS, the ENS cell aggregation was performed as described in section 2.2.13. 

For short term aggregation assays, 100 μL cell suspension with particle density adjusted 

to 0.3–0.5×106 cellular particles/ml was added into Eppendorf tubes for rotation culture. 

The rotation rate was 120 rpm with aggregation time of 0, 15, 30, 60 and 120 min. In 

parallel tubes EGTA was added to 1 mM; this chelates Ca2+ and therefore prevents 

cadherin-dependent cell-cell adhesions. 
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For longer term aggregation assays, starting cell densities were varied from 0.167×106 to 

1.0×106 particles/ml. Rotation rates of 150, 120, 100, 75 and 0 rpm with aggregation time 

of 2h, 4h, 6h, 18h and 48h were tested. Aggregation assays were also performed with the 

inclusion of BrdU for 4 h prior to fixation. 

Tissue fixation and immunolabelling 

The fixation, antigen retrieval and immunolabelling were performed on wholemount 

midgut tissue and aggregate specimens according to section 2.2.14 to 2.2.17. 

Microscopy 

Microscopy were performed as section 2.2.18. 

Counts of myenteric ENS cells in wholemounts. 

The Hu+ve and SoxE+ve cells were counted on wholemount midguts from QE4.5 to 

QE8.5 as described at section 2.2.19. 

Aggregate evaluation 

The short-term and longer term aggregation assays were evaluated as section 2.2.21. 

Statistical analysis 

All statistical tests were performed as section 2.2.22. 

 

8.3 Results  

8.3.1 The developing ENS in vivo has a constant enteric NCC/neuron ratio  

The sparse ENS cell population in the nascent myenteric plexus of the midgut was 

dominated by SoxE+ve enteric NCCs. The total enteric NCC density (cells/unit plexus 

area) continued to increase over the period QE4.5 to QE8 (Figure 8-1A) with the plexus 

area increased by exponential gut growth [334]. From about QE6, correlating with the 

assembly of ENS cells into coherent groups, the proportion of Hu+ve neurons increased 

to reach a ratio of 1.2:1 Hu+ve:SoxE+ve cells. This ratio was maintained until at least 

QE8 (Figure 8-1B). The constancy of the ratio of Sox+ve cells to Hu+ve cells while the 

population number and density increased suggests an effective co-ordinate control 

between neurons and enteric NCCs. 
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Figure 8-1. The density of neurons and enteric NCCs increases in the quail embryo 

midgut myenteric plexus, but the ratio stabilizes. A. The density (number per 100 x 100 

m area) of neurons (red), enteric NCCs (blue) and total ENS cells (purple) increases 

from QE4.5 to QE8. B. The ratio of neurons to enteric NCCs stabilizes by E6.  Error 

bar=SEM. 

 
Figure 8-2. Gradual aggregation of ENS cells form ganglia in the embryonic quail 

midgut. A. QE5 midgut with chains of SoxE+ve enteric NCCs and a smaller number of 

scattered Hu+ve neurons. B. QE6 midgut with relatively more neurons in small groups, 

with adjacent enteric NCCs. C.QE8 midgut with coherent ENS neuron groups surrounded 

by SoxE+ve cells. D. QE14 midgut with large ENS ganglia with SoxE+ve cells both 

around the ganglia and in the ganglia mixed with the neurons, and also distributed along 

interganglionic tracts. Images are single confocal optical sections through the myenteric 

plexus. 

8.3.2 ENS ganglia undergo progressive morphogenesis in vivo 

In the quail embryonic midgut at HH27 (QE4.5 to 5), shortly after arrival of vagal enteric 

NCCs at HH25/6 (QE4.25), the relatively sparse ENS cell population was mainly 

SoxE+ve enteric NCCs (Hu-ve) distributed in chains (Figure 8-2A). The number of 

Hu+ve neurons (SoxE-ve) increased in the nascent myenteric plexus and they 

commenced forming clusters by QE6 (Figure 8-2B). Later (QE8), the Hu+ve cells and 

the SoxE+ve cells formed co-aggregates with almost all the SoxE+ve cells segregated to 

the periphery of each neuronal cluster (Figure 8-2C). The ENS cell aggregates increased 
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in size and developed increasingly smooth borders and by QE14 the SoxE+ve cells were 

then found not only surrounding the neuron groups but also between the individual 

neurons, as well as along axon tracts (Figure 8-2D).  

8.3.3 HNK-1 FACS effectively selects for NC-derived cells  

About 2-3% of the dissociated QE5 and 5-10% of QE8/ChE9 midgut cells were selected 

by FACS with HNK-1. As expected, FACS of QE8 DRG produced a yield of >70% of 

the dissociated cells being HNK-1+ve (Figure 8-3A). When double labelled with 

HNK1/NCAM, nearly 1% of NCAM+ve/HNK1+ve cells were able to be differentially 

sorted from the NCAM-ve/HNK1+ve population (Figure 8-3B). The FACS selected cells 

from midgut showed the characteristic multipolar morphology of enteric NCCs (Figure 

8-3C). Monolayer culture of HNK-1+ve sorted cells showed neural immunoreactivity, 

including SoxE and HuC/D (Figure 8-4A and B). In contrast HNK-1-ve cells when plated 

were virtually entirely fibroblast-like in appearance and SMA+ve (Figure 8-4C and D). 

This cell sorting procedure therefore provides highly enriched ENS cells for performance 

of cell aggregation assays. 

 
Figure 8-3. FACS of NC-derived cells from avian tissue.  Following tissue digestion, 

single cells were fluorescently labelled with HNK1 and HNK1/NCAM and cells sorted by 

FACS.  (A) Scatter plots show typical results of sorting embryonic tissue from QE5, QE8, 

and ChE9. The typical percentage yields of HNK1+ve cells are shown following FACS 

of single cells from the midgut and DRG. (B) QE8 midguts were digested and single cells 

fluorescently labelled with HNK1 (Alexa fluor 488) and NCAM (Alexa flour 647). The 

scatter plot shows that the majority of NCAM+ve cells also express HNK1. 

NCAM+ve/HNK1+ve are able to be differentially sorted from the NCAM-ve/HNK1+ve 

population. (C) QE5 midgut HNK1+ve cells plated on laminin show the characteristic 

multipolar morphology of enteric NCCs. 
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Figure 8-4. FACS for HNK-1 selects NC-derived cells from gut mesoderm cells. A. HNK-

1+ve cells plated for 18 h on LN (phase contrast). B. HNK-1+ve cells at 66 h in vitro 

show NC-derived cell markers: HuC/D (neurons) and SoxE (enteric NCC). C. HNK-1 –

ve cells plated for 66 h have flat fibroblastic morphology (phase contrast). D. Nearly all 

HNK-1 –ve cells plated for 66 h are highly flattened and exhibit SMA labelling. 

8.3.4 ENS cell clusters in vitro are due to cell aggregation, not proliferation  

Dissociated HNK-1+ve midgut ENS cells in low serum aggregation assays rapidly 

formed clusters which were relatively small and uniform.  These ENS cell aggregates 

(N=7) at 22 h after 4 h BrdU, and 18 h aggregates (N=6) with phosphohistone-H3 

antibody were examined under confocal microscopy and detected no cells labeled by 

these markers of proliferation. Therefore, there was little or no cell proliferation in vitro, 

and the cell clusters under these conditions are due to cell aggregation. 

8.3.5 ENS cell aggregation is progressive 

The short-term rotating cell aggregation assays indicated that dissociated QE5 and QE8 

midgut ENS cells adhered progressively (Figure 8-5A; 8-6A-D), but aggregation was 

faster and more complete in cells from the older embryos. This is consistent with a 

developmental increase in ENS cell cohesion. For E8 quail (and E9 chick) midgut ENS 

cells, they formed small clumps and strings at about 2 h in rotating culture. By 4 h, they 

formed spheres and initially cells bulged from the surface of spheres (“bunch of grapes”) 

but the spheres became more smooth-surfaced, and maintained this from 18 h to 48 h 

(Figure 8-6A-D). The diameter of the aggregates increased between 4 h and 48 h (Figure 

8-6A-D; Figure8-7A) and the range of diameters recorded became wider (Figure 8-8) but 

aggregation into a few huge cellular masses did not occur. ENS cells from quail and chick 

behaved identically in these assays (Figure 8-7B). 
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Importantly, QE5 and QE8 ENS cell aggregation occurred over the first 30 minutes at the 

same rate with Ca2+ chelation (ie 1 mM EGTA) as with normal medium but later the level 

of cell aggregation was impaired (Figure 8-5B, C; 8-6 E).  

 

Figure 8-5. Initial aggregation kinetics of HNK-1+ve midgut ENS cells is stage and 

cadherin dependent. Aggregation was indicated by decrease in particle count and is 

expressed as % of count at time t=0 min. A. QE5 and QE8 ENS cells aggregated 

continuously, with particle count each time point significantly less than the previous time 

point (0 min vs 15 min, 15 min vs 30 min, 30 min vs 60 min and 60 min vs 120 min) 

(p<0.001 for QE5; # p=0.0455, ### p<0.001 for QE8), except for QE5 at 60 min vs 

120 min, where the particle counts were not significantly different.  In addition, 

aggregation was greater for QE8 ENS cells compared to QE5 ENS cells (*** p<0.001 

QE8 vs QE5 at each time point), consistent with a developmentally increasing adhesive 

capacity. B. With EGTA, early aggregation (0 min, 15 min and 30 min) of QE8 ENS cells 

proceeded rapidly and was not significantly different from particle counts in control 

medium at the same time points.  At later time points (60 min and 120 min) particle counts 

with EGTA were significantly greater than from the same time points in control medium 

(p<0.001 EGTA vs Ctrl).  This strongly indicates that early aggregation events in 

these assays are largely calcium-independent but after about 30 min aggregation is 

dependent on cadherin function.  C. QE5 ENS cells showed a similar early rate of decline 

in particle number with EGTA medium at matched time points of 0 min, 15 min and 30 

min.  Later, particle number decline decreased in EGTA ( p<0.001 EGTA vs Ctrl at 

60 min; p=0.0225, EGTA vs Ctrl at 120 min;). This indicates that for QE5 ENS cells 

early aggregation is largely calcium-independent but further aggregation requires 

cadherin function.  Error bar=SEM 
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Figure 8-6. HNK-1+ve ENS cells in rotating culture form aggregates. ENS cells at 0 h 

(A), 4 h (B), 18 h (C) and 48 h (D) show rapid aggregation without the later formation of 

super-aggregates. The importance of cadherins is shown by Ca2+- chelation with 1 mM 

EGTA, which reduced aggregate formation at 18 h (E).  F-H. Altering the rotation speed 

(0 rpm (F), 75 rpm (G) and 150 rpm (H)) had only slight effect on aggregation at 18 h.  

I-L.  Increasing the initial ENS cell density (0.167x106 cells/ml (I), 0.33x106 cells/ml (J), 

0.67x106 cells/ml (K), 1.0x106 cells/ml (L)) resulted in a decrease in the aggregate size 

by 18 h. 
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Figure 8-7. Histograms of the size of ENS cell aggregates in rotation cell-cell adhesion 

assays.  A. QE8 cell aggregates gradually increased in diameter from 0-48 h in vitro. (# 

p= 0.0229, 4h vs 2h; ***p<0.001 for all other times). Starting cell density 0.3 x106 

cells/ml.  B. ENS cells from QE8, ChE9 and mixed populations (Q+Ch) showed identical 

aggregation at 18 h in vitro, with no significant difference (Q:Ch p= 0.29; Q:Q+Ch 

p=0.23; Ch:Q+Ch p=0.93; ).  Starting cell density 0.3 x106 cells/ml. C. Aggregate 

diameter attained at 18 h in vitro was slightly larger at the highest rotational speed (*** 

p<0.001, 150 rpm vs 0 and 75 rpm).  Starting cell density 0.5 x106 cells/ml.  D. Aggregate 

diameter at 18 h in vitro was starting cell density related.  Starting cell density at 1x106 

cells/ml produced aggregates of least diameter.  With the gradually reduced starting cell 

density, the aggregate diameter increased (relative to 1x106 cells/ml: *** p<0.001; 

relative to 0.67x106 cells/ml: # p=0.0186, ### p<0.001). However, this increase 

plateaued, with no significant difference in aggregate diameter at 0.167, 0.33 and 0.5x106 

cells/ml.  Error bar=SEM. 
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Figure 8-8. HNK-1+ve ENS cells aggregate progressively. Aggregate diameter 

increased on average and the range of diameters increased over the period 2 h to 18 h in 

rotation aggregation assays.  Starting cell density was 0.3x106 cells/ml. 

8.3.6 ENS cell aggregation is insensitive to fluid shear but sensitive to initial cell 

density   

Varying the speed of rotation (0 and 75 rpm) had little effect on aggregate form or size at 

18 h, while aggregates at 150 rpm were somewhat larger in diameter (Figure 8-6F-H; 

Figure 8-7C). Varying the initial density of ENS cells in suspension over a 6-fold range 

(0.167 x106 to 1.0x106 cells/ml) led, counter-intuitively, to smaller aggregates in much 

larger numbers at higher starting cell densities (Figure 8-6I-L, Figure 8-7D). 

8.3.7 Distribution of ENS cell types and cell adhesion molecules in aggregates  

Confocal examination of 4-6 h spherical aggregates showed mixed Sox10+ve and Hu+ve 

cells (Figure 8-9A), but by 18 h cells in the aggregates showed most of the Hu+ve cells 

located in the centre, with the SoxE+ve cells forming the outer part of the spheres (Figure 

8-9B). Labelling for NCAM showed that this adhesion molecule was most strongly 

expressed on the internal Hu+ve cells with lower immunoreactivity on the SoxE+ve cells, 

and especially low on the outer surface (Figure 9C). Such differential labelling was also 

present with labelling for N-cadherin (Figure 9D). 

Confocal examination of four aggregates (diameter range: 63.8-98.7 m; cell number 

range 276-861) revealed a remarkably uniform average cell density of 0.24 ± 0.02 

cells/(10 m)3.  Likewise the neuron/enteric NCC ratio of 1.19± 0.06 (Hu+ve/SoxE+ve 

cells) was identical to that in the ENS in vivo (Figure 8-1B).  The spatial order of central 
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neurons and peripheral enteric NCCs in the aggregates in vitro strikingly resembled that 

in the ENS ganglia in vivo (Figure 8-2C). 

 

Figure 8-9. Formation of aggregates by ENS cells in cell-cell adhesion assays correlates 

with adhesion molecule expression pattern. A. At 6 h spherical aggregates were formed 

but neurons (HuC/D+ve) and enteric NCCs (SoxE+ve) were only partially segregated. 

B. At 18 h most HuC/D+ve neurons formed the centre of each spherical aggregate 

surrounded by SoxE+ve enteric NCCs. C. NCAM immunoreactivity was low on the 

external face of SoxE+ve enteric NCCs (indicated by dotted line), but high around 

HuC/D+ve neurons, whether these were located centrally or on the periphery (arrows).  

D. N-cadherin immunoreactivity was associated with all cells in the aggregate, but was 

less distinct on the external surface (indicated by dotted line). 

8.3.8 The external surface of ENS cell aggregates is poorly adhesive for ENS cells, 

but within aggregates, ENS cells are mobile  

When freshly dissociated QE8 HNK-1+ve cells were added to pre-formed (18 h) chick 

E9 ENS cell aggregates for 4 h in rotating culture, QCPN-labelling showed that only a 

few quail cells adhered to the outer surface of pre-formed chick cell aggregates (Figure 

8-10A), and most quail ENS cells formed separate aggregates entirely of quail cells 

(Figure 8-10B). This separation was not caused by species-specific adhesive differences, 

because when freshly dissociated E9 chick and QE8 ENS cells were mixed at the time of 

dissociation, all cell aggregates were a mixture of both chick and quail cells (Figure 8-
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7B; 8-10C). By 18 h a few of these freshly added quail ENS cells had penetrated deep 

into the chick ENS cell aggregates (Figure 8-10D). 

 

Figure 8-10. The surface of ENS cell aggregates is relatively non-adhesive and cells in 

ENS aggregates are mobile . A. Few freshly dissociated QCPN+ve E8 quail ENS cells 

(arrows, QCPN+ve) at 4 h in vitro attached to the periphery of pre-formed (18 h) E9 

chick ENS cell aggregates. B. Most quail ENS cells added to pre-formed E9 chick ENS 

cell aggregates formed entirely quail cell aggregates rather than adhering to the chick 

ENS cell aggregates. C. QE8 and ChE9 ENS cells when combined as freshly dissociated 

cells formed mixed aggregates at 6 h, showing that there is no species-related adhesive 

incompatibility. D. At 18 h in vitro some freshly added quail ENS cells (arrows) relocated 

deep into the chick ENS 36 h aggregate. 

8.3.9 The proportion of NCAM+ve cells alters the aggregate size 

HNK-1+ve populations of higher and lower NCAM levels were produced by combining 

NCAM with HNK-1 FACS. Aggregation of NCAM-high and NCAM-low sub-

populations produced respectively larger and smaller irregularly shaped aggregates than 

was usual for single sorted HNK-1+ve cells (Figure 8-11A-C). 
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Figure 8-11. HNK-1+ve QE8 ENS cell aggregate size is influenced by NCAM levels. A. 

NCAM-high FACS fraction of HNK-1+ve ENS cells form aggregates with a wide range 

of diameters including very large aggregates.  B. NCAM-low fraction ENS cells form 

small misshapen aggregates. C. Histogram of aggregate diameters formed at 18h in vitro 

by NCAM-high and NCAM-low ENS cell fractions. Difference is highly significant (*** 

p<0.001).  Starting cell density 0.67 x106 cells/ml.  Error bar=SEM. 

 

Figure 8-12. QE8 DRG cell aggregates in vitro have different internal structure than ENS 

cell aggregates.  A. QE8 DRG and ENS HNK-1+ve cell aggregates were similar in 

average size and size distribution.  Box plots show the first quartile to inter quartile range 

and whiskers show minimum and maximum range of data, while the median is 

represented by a vertical line. There was no different between DRG and ENS in 

aggregates size when analysed using Mann-Whitney test for nonparametric data. Starting 

cell density was 0.5 x106 cells/ml.  B. Unlike QE8 ENS cell aggregates, Hu+ve neurons 

and SoxE+ve cells are not segregated in DRG aggregates (inset), but like ENS 

aggregates, peripheral SoxE+ve cells show little outer NCAM labelling (arrows).  C. In 

contrast, internal SoxE+ve cells (stars) as well as surface and internal Hu+ve cells show 

strong NCAM labelling in DRG cell aggregates. 
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8.3.10 Different NCC ganglia show aggregation differences 

Quail E8 trunk DRG were dissociated as for the ENS cells and placed in aggregation 

assays. Like the ENS cells, DRG cells rapidly formed aggregates with similar average 

size although the range of size of DRG aggregates was larger (Figure 8-12A).  

Interestingly, the internal structure of the aggregates was strikingly different: SoxE+/Hu-

ve cells and SoxE-/Hu+ve neurons were mixed not segregated (Figure 8-12B inset).  In 

addition although all Hu+ve neurons were strongly NCAM+ve and all outer SoxE+ve cell 

membranes were deficient in NCAM labelling (as in equivalent ENS cells), the internal 

SoxE+ve cells were strongly NCAM-labelled (Figure 8-12 B,C). 

8.4 Discussion 

8.4.1 ENS ganglia morphogenesis in vivo may involve differential cell-cell adhesion  

The dynamics of quail midgut ganglia formation in vivo was described in this Chapter. In 

other NC-derived ganglia, like the DRG, a similar sequence but chronologically earlier 

has been observed, with the late-appearing intraganglionic cells being differentiated 

ganglionic glia [407]. The progressive aggregation of enteric NCCs into ganglia, with 

internal neurons and a shell of enteric NCCs may involve differential cell-cell adhesion 

[241, 408]. Avian ENS cells in previous studies showed immunoreactivity for N-cadherin 

and NCAM and also for Ng-CAM (L1CAM) at the stages equivalent to this Chapter [192, 

241]. Ng-CAM soon became almost undetectable while N-cadherin and NCAM labelling 

became more intense on both SoxE+ve and Hu+ve cells. By QE8 in the midgut NCAM 

was clearly more strongly labelled on the Hu+ve neurons compared to the SoxE+ve cells 

[241].  This suggests that there may be a general increase in cell-cell adhesion in the ENS 

and a further increase in adhesion between neurons.  

8.4.2 The spatial patterning within aggregates indicates ENS neuron cohesion is 

greater than enteric NCC cohesion   

The spatial order of enteric NCCs in the aggregates in vitro strikingly resembled that in 

the ENS ganglia in vivo. In assays of this kind, cells sort out with their final equilibrium 

positions determined by the most favoured adhesive balance, that is, with the least surface 

free energy of adhesion [409]. To satisfy this, the external position of the enteric NCCs 

relative to neurons indicates that the enteric NCCs must have lower overall adhesive 

capacity than the neurons, and the lower levels of NCAM immunoreactivity in SoxE+ve 

cells is in accord with this.  Cell variants with a step difference in adhesiveness segregate 
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especially rapidly in co-aggregates [410], and this is likely to be represented by the two 

ENS cell types -neurons and enteric NCCs- used here. 

In vivo the neurons form recognisable groups first, at a time when the enteric NCCs still 

appear randomly placed, and the enteric NCCs co-assemble around neurons later [218, 

241].  In contrast, the final internal/external distribution observed here would be attained 

from any starting distribution of the cell types [408].  Indeed, when following aggregation 

in vitro, the neurons and enteric NCCs were initially mixed and only later did the relative 

positions of neurons and enteric NCCs develop. Freshly dissociated ENS cells (quail) 

penetrated pre-formed aggregates (chick), confirming that cells can move within the 

aggregates. This is consistent with the SoxE+ve/Hu-ve enteric NCCs and SoxE-ve/Hu+ve 

neurons physically sorting out, although it does not exclude an additional spatial 

differentiation whereby internally placed enteric NCCs differentiate mostly into neurons. 

Timelapse microscopy in mouse intestine has revealed that ENS cells, both neurons and 

enteric NCCs, are motile for a considerable period after the initial colonization phase 

[220, 382]. Such later “sorting out” within aggregates of ENS cells might rely on 

differential adhesion of enteric NCCs and neurons.  

8.4.3 ENS cell aggregation indicates several adhesive mechanisms are operative   

The aggregation assays indicate that when using EGTA to chelate Ca2+, at the early time, 

it did not affect the aggregation rate, but later, the level of cell aggregation was impaired. 

The sensitivity to EGTA showed involvement of Ca2+-dependent (ie. cadherin) 

mechanisms, but the residual aggregation indicated Ca2+-independent mechanisms (such 

as NCAM) were operative as well, and suggests that the initial phase of adhesion in these 

conditions was largely due to Ca2+-independent adhesion. This is in accord with the 

immunoreactivity for both N-cadherin and NCAM in situ [192, 241] and in the cell 

aggregations in vitro. 

8.4.4 ENS cell aggregation is intrinsically and isotropically driven  

Since increasing rotation rates did not prevent aggregation, the intercellular cell-cell 

adhesions of these ENS cells must display a rapid “catch” to initiate adhesion, with initial 

adhesion strength sufficiently high to resist external distractive forces in the highest shear 

used here.  On the other hand, the similar size and shape of the aggregates formed at all 

rotation speeds even down to zero rpm suggests an overriding intrinsic adhesive 
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mechanism that regulates not only accumulation of cells into aggregates but also governs 

the preferred size and shape of the aggregates under these conditions. 

The spherical form of the aggregates suggests isotropic adhesion forces while the 

evolution of the aggregates from a “bunch of grapes” appearance to smooth-surfaced 

spheres indicates an increase in cell-cell adhesion strength in vitro with time after initial 

cell-cell adhesion. A time-dependent increase in adhesive bond energy has been observed 

in direct measurement of cadherin-mediated adhesion maturation in biophysical tests 

[411]. 

8.4.5 Intrinsic size regulation of aggregates 

This Chapter shows that the outer surface of pre-formed aggregates is relatively non-

adhesive, and is consistent with the observation that the outer surface of the peripheral 

cells of aggregates showed low immunoreactivity for cell adhesion molecules. We 

therefore propose that the outer SoxE+ve enteric NCCs segregate a limited number of cell 

adhesion molecules mainly to the internal face to bind to similar but more numerous 

molecules on the neurons, leaving the external surface relatively non-adhesive. This 

process would automatically restrict the size of ENS cell aggregates by preventing new 

cells from binding to the surface. 

If the peripherally located Sox10+ve enteric NCCs in the aggregates form an insulating 

coating preventing ever-larger aggregates from forming, then reducing the number of 

these cells should allow larger aggregates to form. Previous immunolabelling in vivo 

[241] and here in aggregates in vitro shows that the NCAM-high sub-population will be 

enriched for neurons, and the NCAM-low sub-population depleted in neurons. As expect, 

aggregations derived from NCAM-high population have much larger size than derived 

from NCAM-low population. 

This intrinsic regulation would automatically limit the size of the aggregates, which 

depending on the ratio of neurons to enteric NCCs. This operates also in vivo and is an 

important mechanism for ensuring that the ENS consists of relatively small and uniform 

ganglia. 

8.4.6 Different NCC ganglia show aggregation differences   

In vivo, NC-derived cells form DRG as early as about E4 (in chick; equivalent to E3.5 in 

quail), and at these early stages the DRG display NCC/neuron segregation as seen for 
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ENS cells, with all neurons placed centrally [401].  As early as E5 in chick, however, 

early DRG glial cells identified by transiting expression (which are also SoxE+ve) spread 

centrally between the DRG neurons [407]. The different sorting behavior of QE8 ENS 

cells and QE8 DRG cells represents a difference in developmental stage of the two 

ganglion types of the same chronological age, with DRG being much further advanced in 

ganglion cell differentiation, marked by the appearance of highly NCAM+ve glial cells. 

The morphogenetic consequence of this drives the internal relocalisation of glial cells 

among the neurons they support by E8 in trunk DRG. A similar process may evolve later, 

by E14, in midgut ENS. 

8.4.7 Conclusions: Intrinsic regulation of cell distribution and size of ENS ganglia   

The results from this Chapter provide a novel mechanism for control of ENS ganglion 

morphogenesis where i) differential adhesion of ENS neurons and enteric NCCs controls 

the core/shell ganglionic structure and ii) the ratio of neurons to enteric NCCs dictates the 

equilibrium ganglion size by generation of an outer non-adhesive surface. 
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9 Summary and Conclusions 
 

In this Thesis, the cellular mechanisms that spatiotemporally direct ENS development 

were explored: First, fine scale spatial differences within the vagal NC for ENS formation 

was revealed. Second, the enteric NCC population expansion potential and how each 

individual enteric NCC contributes to the final population during colonization were 

explored. Third, the changes in enteric NCC colonization capacity with temporal stage 

were demonstrated. Fourth, the interactions between enteric NCCs and neurons to direct 

NC invasion and axon extension were studied. Finally, the mechanism that control ENS 

ganglia formation and the roles of cell-cell adhesion in this process were investigated. 

To gain detailed information regarding the vagal NC in ENS formation, single somite-

level NT labelling was performed before NCCs leave the NT in early quail embryos stage 

(E1.5). This allowed fate-mapping of the ENS onto the vagal NC. In addition, to 

investigate the potential of single-somite level NCC in forming ENS, one segment wide 

NT (include NC) from the levels of somite s1 to s8 at E1.5 was combined with E4.5 

aneural chick midgut to hindgut and cultured on the chick CAM for 6 days. The results 

showed that at the early stage, NCCs of different somite-level origins migrate separately 

to converge on the foregut at E2.5 where they become mixed. The mid-region NCCs (s3 

and s4 level) arrived earliest and contribute the greatest numbers. By E6.5 vagal NC-

derived ENS was present from foregut to hindgut with mid-vagal enteric NCCs 

contributing most.  Enteric NC from s2, s5 and s6-levels was less widely distributed and 

fewer and were never observed in the distal hindgut. The most rostro-vagal (s1) and 

caudo-vagal (s7) levels were fewest and restricted to the foregut. Regarding ENS-forming 

potential, all vagal NC-levels (ie. level of s1 to s7), but not s8 level, could forming enteric 

plexuses in aneural host gut, but the density of ENS cells especially neurons was highest 

and the colonized length was longest from mid-vagal (s3 and 4) levels.  

I conclude that, in addition to a position-of-origin advantage, the fate and competence for 

ENS formation of vagal NC sub-levels is not uniform along the vagal level, and peaks at 

mid-vagal NC levels. This suggests the vagal region is a natural unit but with complex 

sub-divisions. The intrinsic differences in competence between vagal NC sub-divisions 

may have important implications in choosing stem cell source or iPS induction for 

replacement therapies of ENS neuropathies. 
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The temporal expansion of the enteric NC population in developing quail gut was 

investigated from E2.5 to E12. At quail E2.5 (when NCCs first arrive), there were about 

1,500 ENS cells in the foregut, increasing to about 8,800 a day later.  Up to E3.5, ENS 

cells in the foregut were all enteric NCCs (SoxE+ve); no neurons (HuC/D+ve) were 

detected.  By E4 there were about 17,000 ENS cells in the colonized foregut and proximal 

midgut, with about 20% being neurons. The ENS population continued to expand and by 

E7 (shortly after the entire gut is colonized) was about 500,000 cells and by E12 was over 

8 million cells with about 50% each of enteric NC/glia and neurons. 

To explore this enteric NC proliferative capacity, large segments of quail foregut 

containing about 600 enteric NCCs, or small segments-containing about 40 enteric NCCs, 

were combined as CAM grafts with aneural chick E4.5 gut. The 600 enteric NCCs 

generated about 230,000 ENS cells in the host gut by 8 days, a 380-fold expansion, as 

counted from dissociated cells labeled with NCC antibodies.  The ratio of enteric NC/glia 

to total ENS cells was about 50%; this is similar to that in normal gut. When the donor 

ENS population was reduced to about 40, the number of ENS cells after 8 days was 

halved, to about 120,000 cells, but the 3000-fold expansion was much greater. The 

proportion of enteric NC/glial cells was increased to over 60%. In the 600-cell 

combinations, the ENS was distributed throughout the gut, and in two plexuses, as in vivo.  

Remarkably the distal extent of the ENS derived from only about 40 initial enteric NCCs 

was the same, but the ENS appeared less mature. This observation in situ was consistent 

with the counts of dissociated cells. This massive population expansion potential of 

enteric NCCs during colonization led to the conclusion that these cells possess an 

extremely high capacity to regulate their proliferation while forming the ENS. 

Regardless of the massive expansion of the enteric NC population during colonization, to 

understand how individual cells contribute to the final population, this Thesis developed 

a novel cell lineage tracing method in a developing gut. To GFP-label enteric NCCs in 

order to trace them and their daughter cells, vagal level NT electroporation was performed 

at E1.5 in quail embryos using a genome-integrating plasmid technique. At E3.5 the 

enteric NCC-colonized foregut was collected, in which a small proportion of the NCCs 

were labelled with GFP. The E3.5 foregut was dissected into small fragments with each 

fragment containing only one GFP-labelled enteric NCC. The single GFP-labelled NCC 

fragment was combined with QE4 mid-gut “carrier” (ie. with many unlabelled NCCs), 
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and allowed these cells to colonize the aneural chick E4.5 hind-gut. By 4 to 8 days culture, 

the contribution of individual GFP cells was then be traced. This revealed that the 

distribution of GFP+ve clones was unpredictably variable among un-labelled enteric 

NCCs. GFP clonal cells could be focused on a small area or spread nearly evenly 

throughout the gut, but mostly the GFP cells formed loose patches which varied in 

number, size and place. The total GFP+ve cell number was also massively variable. In 

most cases there were small number of cells in the clone, but in a few cases the number 

was huge, these we named “superstar” clones. The fate of progeny within the clone was 

also diverse, they could gave rise to glial and several sub-neuron types, like Sub-P and 

Nos. These results explored how individual ENS cells contribute to population behaviour 

in ENS formation.  I concluded that although early development of the ENS as a whole 

is highly uniform, single enteric NCC shows extraordinary variation in number, position 

and differentiation.  

To work out if the few ENS “superstar” clones are raised stochastically or are pre-

determined, single GFP-labelled enteric NCCs with large carrier (600 enteric NCCs) or 

with small carrier (40 enteric NCCs) were allowed to colonize aneural chick E4.5 mid-

hibd gut for 8 days on the CAM. The frequency of “superstar” detection increased when 

the carrier enteric NCC population was reduced. This means that the clonal variation is 

not pre-determined and therefore is likely to be stochastic.  

In conclusion, there is massive unequal clonal amplification in the formation of the ENS, 

and this is achieved stochastically from enteric NCCs, many of which are potential 

superstars but few of which normally attain this. This dependence of the ENS on the 

enormous expansion of daughter cells of relatively few founder cells implies that clonal 

diversity in the ENS is greatly reduced. Up to now stochastically occurring somatic 

mutations have been dismissed as mostly unimportant because most clones were viewed 

as numerous, similar sized and small. But coupled with loss of clonal diversity, cells with 

a somatic mutation in an “ENS gene” in a large clone may attain a numerical threshold 

so as to affect the ENS phenotype. If this is true, it means that an important source of 

functional variation between individuals in the ENS may be missed. With the same logic, 

it can be concluded that such somatic mutations would not resemble the mutations in 

genes that underlie familial HSCR. 
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In the early gut, extremely high colonization and proliferation capacity of enteric NCCs 

had been demonstrated in this Thesis. To detect whether the enteric NCC population 

retains its initial ENS-forming potential with age, grafts of enteric NC donor quail midgut 

or hindgut of ages from E5 to E10 and aneural E4.5 chick gut host were cultured in vitro 

for 3 days. The results showed that the colonization capacity of enteric NCCs dropped 

rapidly 2-3 days after the transit of the ENS cell wavefront. This loss was innate to the 

ENS population, since a similar decline was observed in FACS-sorted ENS cells. 

Extending the culture time to 8 days in CAM grafts, the donor enteric NC from older 

tissue did not produce ‘catch up’ colonization. To understand this decline with age, the 

enteric NC-derived cells were counted in dissociated quail gut. This showed that the 

proportion of undifferentiated enteric NCCs (ie. cells expressing neither neuronal nor 

glial markers) decreased with age, correlating with decline in ENS-forming ability. 

However the absolute number of undifferentiated enteric NCCs in a standard donor was 

highest at older stages. Moreover, ENS cells in small numbers from young donors were 

far superior in colonization ability to larger numbers of apparently undifferentiated ENS 

cells from older donors. I conclude that the decline of colonization ability involves 

qualitative aspects of undifferentiated enteric NCCs. In this case, for ENS 

stem/progenitor cell therapies, the induced ENS cells source should aim to be embryonic-

like rather than like the post-natal stage ENS. 

As well as rostral-to-caudal invasion by enteric NCCs, there is a parallel extension of 

ENS axons.  To investigate how ENS components interact to direct these two invasive 

events, the “kebab”-style co-cultures were used in this Thesis. Guts with GFP+ve ENS 

axons were obtained by vagal NT electroporation at E1.5. The older aneural gut was 

created by vagal NT ablation at E1.5. By treating with MMC, guts possessing neurons 

and axons but lacking enteric NC/glial cells were generated: this is a novel method to 

induce a novel modification of the ENS. These manipulated gut segments were used as 

donors or hosts of neural elements in co-cultures.  

Donor enteric NCCs and ENS axons bidirectionally colonized early or older aneural host 

gut. However, enteric NCCs from donor gut tissue failed to invade neural (ie. already 

colonized) host gut, yet GFP-labelled axons could extend both rostrally and caudally into 

this neural host gut. In contrast, enteric NCCs from donor guts migrated in both directions 

into MMC-treated neural host gut which possessed ENS neurons and axons but lacked 
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enteric NCCs. Donor axons also extended into the host tissues in association with enteric 

NCCs. This bidirectional colonization by donor enteric NCCs was similar to that seen in 

untreated aneural host gut, but the proportion of donor cells that differentiated as neurons 

in this neuron-containing host gut was less than that in aneural host gut. These results 

suggested that the pre-existing enteric NCCs, not neurons, prevent donor enteric NCCs 

invasion, but these enteric NCCs favour ENS axon extension, and the pre-existing 

neurons inhibit neuron differentiation of enteric NCCs. 

When using MMC-treated neural gut (ie. with ENS neurons and axons but lacking enteric 

NCCs) as donor, GFP+ve axons extended into host neural gut. These donor axons were 

associated with pre-existing ENS cells. In contrast similar donor axons failed to extend 

into aneural gut and into MMC-treated neural host, even though ENS neurons and axons 

were present. However, adding normal enteric NC-containing donor gut to the MMC-

treated donors enabled axons to extend into both aneural and MMC-treated neural host 

gut. These results solidify the conclusion that initial ENS axon extension is totally 

dependent on enteric NC/glial cells rather than on ENS neurons and axons. 

Following enteric NCCs colonization, differentiated neurons and glia form ganglia in 

order to undertake complex ENS functions. This process was spatiotemporally 

investigated in this Thesis. In the quail embryonic midgut at an early stage (QE5), shortly 

after arrival of vagal enteric NCCs, the relatively sparse ENS cell population was mainly 

SoxE+ve enteric NCCs (Hu-ve) distributed in chains. Later (QE8), the Hu+ve cells and 

the SoxE+ve cells formed co-aggregates with almost all the enteric NCCs segregated to 

the periphery of each neuronal cluster. 

To further study ENS cell ganglionation behavior, cell-cell aggregation assays were 

performed in vitro using FACS-sorted ENS cells from E5 and E8 quail, and from E9 

chick. The results showed a developmentally regulated increase in ENS cell adhesive 

function, which requiring both Ca2+-dependent and independent adhesion. This was 

consistent with N-cadherin and NCAM expression. During aggregation, neurons sorted 

to the core of aggregates, surrounded by outer enteric NCs, indicating that neurons had 

higher adhesion than enteric NCCs. Cell seeding experiments showed that the outer 

surface of already-formed aggregates became relatively non-adhesive, correlating with 

low levels of NCAM and N-cadherin on this surface of the outer non-neuronal enteric 

NCCs. Aggregation assays showed that ENS cells FACS selected for NCAM-high, which 



152 
 

enriched for enteric neurons, formed larger and more coherent aggregates than unsorted 

ENS cells. In contrast the NCAM-low ENS cells formed small disorganized aggregates. 

These results suggest a novel mechanisms that control ENS ganglion morphogenesis, 

where i) differential adhesion of ENS neurons and enteric NCCs controls the core/shell 

ganglionic structure and ii) the ratio of neurons to enteric NCCs controls ganglion size by 

generation of an outer low-adhesive surface. 
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