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Introduction

The enteric nervous system 

The enteric nervous system (ENS) forms the largest 
component of the autonomic nervous system (ANS). In 
humans, it contains between 200 and 600 million neurons 
which are part of intrinsic neuronal circuits managing to 
generate reflex gastrointestinal (GI) contractile activity 
without intervention of the central nervous system (CNS) 
[1,2]. The ENS is located along the length of the GI tract and 
oversees controlling the main functions such as secretion, 
motility, and blood flow. In addition, it is also responsible for 
the communication with the immune system and microbiome 

[3–5]. The ENS contains a network of neurons and glial cells 
which are dispersed over two major ganglionated and 
interconnected plexuses, the myenteric (Auerbach) plexus, 
and the submucosal (Meissner) plexus. In larger mammals, the 
submucosal plexus is further subdivided into smaller plexuses 
[4,6-10]. The neurons of the myenteric plexus are primarily 
involved in GI motility regulation, while the neurons of the 
submucosal plexus are involved in the regulation of secretion 
and vascular tone [3,6,11,12]. The ENS is a highly complex 
nervous system of which the functioning is dependent on 
many different neuronal subtypes. To keep an overview of the 
neuronal subtypes, they are categorized in different classes 
according to certain characteristics. Among these features are 
their morphology, electrical properties, chemical coding, and 
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functioning [13]. In the beginning, the enteric neurons were 
identified by Dogiel based on their morphology (reviewed 
by Brehmer) [14]. Later, other characteristics such as the ones 
listed above, were combined, and included in the classification. 
The standard nowadays is based on the neurochemical coding 
combined with functional experimental results, and consists 
of the following groups: intrinsic primary afferent neurons 
(IPANS, sensory neurons), motor neurons, interneurons, 
intestinofugal neurons, and secretomotor and vasomotor 
neurons [3,6,13]. 

Throughout the years, research is performed on the 
identification of different neuronal subtypes using multiple 
experimental animal models. The animal models share 
in some part the genetic coding of the enteric neuronal 
subtypes. Nevertheless, we must keep in mind that even 
between closely related species, differences in neurochemical 
coding and morphology occur [6]. The most popular models 
are the guinea pig, mouse, and zebrafish. In the small intestine 
of the guinea pig, research on neuronal diversity resulted in 
the identification of 14 functionally important subtypes. This 
is reviewed by Furness and Hao & Young (Table 1) [7,11]. These 

subtypes belong to one of the classes listed above, which are 
equally divided along the entire network of ganglia [3,7,11]. In 
the zebrafish, at least 10 neuronal subtypes are defined based 
on their neurochemical coding. The combination of different 
neuronal markers and comparisons with previous described 
enteric neuronal functions in other animal models led to 
appointing putative functions to these different subtypes 
(Table 2) [15,16]. Recently, a novel taxonomy of 12 myenteric 
neuron classes of the mouse small intestine was introduced 
(Table 3). These neurons are defined by their communicating 
characteristics portrayed along with neurochemical markers 
and transgenic tools. After defining the genetic codes of 
the neuronal classes, again comparisons were performed 
with previous studies to possibly identify the functions of 
each class [5]. The selective expression of genes conferring 
neuronal properties strongly suggests that these 12 classes 
represent functionally distinct neurons [5]. In the human ENS, 
subpopulations of enteric neurons are also characterized 
by their differential expressed neurotransmitters, 
neurotransmitter synthesis enzymes, and other molecules 
[11]. Initially, at least 9 myenteric major neuron classes were 
identified based on their morphological and neurochemical 

Table 1: The different neuronal classes with their chemical coding and function in the gastrointestinal tract of the guinea-pig [7].

Neuronal class Chemical coding Neuronal function

1
ChAT/TK/ENK/GABA

ChAT/TK/ENK/NFP
Excitatory circular muscle motor neuron

2
NOS/VIP/PACAP/ENK/NPY/GABA

NOS/VIP/PACAP/DY/BN/NFP
Inhibitory circular muscle motor neuron

3 ChAT/Calr/TK Excitatory longitudinal muscle motor neuron

4 NOS/VIP/GABA Inhibitory longitudinal muscle motor neuron

5 ChAT/Calr/TK Inhibitory longitudinal muscle motor neuron

6 ChAT/NOS/VIP ± BN ± NPY Descending interneuron (local reflex) 

7 ChAT/5-HT Descending interneuron (secretomotor reflex)

8 ChAT/SOM Descending interneuron (migrating myoelectric complex)

9 ChAT/Calb/TK/NK3 receptor IPAN

10 ChAT/BN/VIP/CCK/ENK Intestinofugal neuron

11 VIP/GAL Non-cholinergic secretomotor/vasodilator neuron

12 ChAT/Calr/DY Cholinergic secretomotor/vasodilator neuron

13 ChAT/NPY/CCK/SOM/CGRP/DY Cholinergic secretomotor/non-vasodilator neuron

14 ChAT/TK/Calb IPAN

Abbreviations: ChAT: Choline Acetyltransferase; TK: Tachykinin; ENK: Enkephalin; GABA: Gamma Amino Butyric Acid; NFP: Neurofilament 
Protein; NOS: Nitric Oxide Synthase; VIP: Vasoactive Intestinal Peptide; PACAP: Pituitary Adenylyl Cyclase Activating Peptide; NPY: 
Neuropeptide Y; DY: Dynorphin; BN: Bombesin; Calr: Calretinin; Calb: Calbindin; 5-HT: 5-Hydroxy Tryptamine or Serotonin; GAL: Galanin; 
CCK: Cholecystokinin; SOM: Somatostatin
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Table 2: Summary of the enteric neuronal subtypes identified in zebrafish and their putative functions [15,16].

Neuronal class Neurochemical coding Putative function

1 5-HT Motor or secretomotor neurons

2 5-HT/VIP/PACAP Vasodilator or secretomotor neurons

3 Calb/Calr/ChAT/nNOS Motor or sensory neurons

4 Calb/Calr/nNOS Sensory or interneurons

5 Calb/Calr/nNOS/VIP/PACAP Inhibitory motor neurons

6 Calb/Calr/ChAT Excitatory motor or sensory neurons

7 VIP/PACAP Vasodilator or secretomotor neurons

8 ChAT -

9 ChAT/GAL Interneurons

10 GAL Vasodilator or secretomotor neurons

Abbreviations: 5-HT: 5-Hydroxy Tryptamine or Serotonin; VIP: Vasoactive Intestinal Peptide; PACAP: Pituitary Adenylyl Cyclase Activating 
Peptide; Calb: Calbindin; Calr: Calretinin; ChAT: Choline Acetyltransferase; nNOS: Neuronal Nitric Oxide Synthase; GAL: Galanin

Table 3: Summary of the novel classification of myenteric neuron classes of the mouse small intestine with their genetic coding and 
neuronal function [5].

Neuronal class Genetic coding Neuronal function

1 Tac1, Cxcl12, Calb2, Ndufa4l2 Excitatory motor neurons

2 Tac1, Calb2, Ndufa4l2, Gda, Penk Excitatory motor neurons

3 Tac1, Ndufa4l2, Gda, Penk, Nxph1 Excitatory motor neurons

4 Tac1, Gda, Penk, Fut9, Nfatc1 Excitatory motor neurons

5 Som Interneuron 2

6 Nmu IPANs

7 Cck, Ucn3 IPANs

8 Nos1, C1q11, Npy, Cox8b Inhibitory motor neurons

9 Nos1, C1q11, (Npy (<<8)), (Cox8b (<<8)) Inhibitory motor neurons

10 NeuroD6, Nos1 Interneuron 1

11 Npy, Dlk1 -

12 Nxph2
IPANs

Subset: Interneuron 3

Abbreviations: Tac1: Tachykinin Precursor 1; Cxcl12: C-X-C motif chemokine ligand 12; Calb2: Calbindin 2; Ndufa4l2: NADH dehydrogenase 
1-alpha subcomplex 4-like 2; Gda: Guanine deaminase; Penk: Proenkephalin; Nxph1: Neurexophilin 1; Fut9: Fucosyltransferase 9; Nfatc1: 
Nuclear factor of activated T-cells 1; Som: Somatostatin; Nmu: Neuromedin u; Cck: Cholecystokinin; Ucn3: Urocortin 3; Nos1: Nitric oxide 
synthase 1; Npy: Neuropeptide Y; Cox8b: Cytochrome c oxidase subunit 8b; NeuroD6: Neurogenic differentiation factor 6; Dlk1: Delta like 
non-canonical notch ligand 1; Nxph2: Neurexophilin 2
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characteristics [14]. Recently, the number of enteric neuronal 
subtypes increased to 22 throughout the entire human GI 
tract. In addition, it is shown that these subtypes represent 
distinct, regional expression patterns of the marker genes, 
which opens the road towards regional specific therapeutics 
[17]. 

ENS development and enteric neuron differentiation

During embryogenesis, the ENS originates from vagal and 
sacral neural crest cells (NCCs). While the vagal NCCs are 
colonizing the entire length of the GI tract, the sacral NCCs 
show a small contribution to the ENS by colonizing the post-
umbilical region [9,18]. Between embryonic day (E) 8.5 and 9.5 
in mice, and before the 4th week of pregnancy in humans, NCCs 
delaminate from the neural crest and become progenitors for 
multiple cell types among which the enteric neurons [11,19-
21]. After delamination, the vagal NCCs start to migrate 
towards the developing foregut. Once arrived, they are called 
enteric neural crest cells (ENCCs) and are characterized by the 
expression of multiple factors, such as Sox10, Phoxb2, Ednrb 
and Ascl1. The ENCCs will then further migrate in the GI tissue, 
proliferate, and colonize the entire length of the GI tract and 
form neuronal and glial precursors [9,21,22]. The sacral NCCs 
migrate ventrally and will form extrinsic pelvic ganglia. From 
there, they will migrate into the GI tract where they will 
contribute to the production of enteric neuronal and glial 
precursors [9]. By the 7th week of human embryogenesis, the 
ENCCs reach the hindgut [11,22]. It is at this point that in the 
mouse and chicken models, the sacral NCCs enter the hindgut 
as well. However, the sacral NCCs are shown to colonize the 
hindgut independently from the vagal NCCs [23]. In a recent 
study, it is seen that there is a subset of the vagal NCCs that 
migrates through the GI mesentery to complement the ENS 
formation. This information has led to the introduction of a new 
model in ENS development. First, the vagal NCCs migrate into 
the dorsal mesentery of the foregut. Next, most of these cells, 
which are in this model called the ENCCs, enter the foregut and 
migrate further along the GI tract. The small remaining portion 
of the vagal NCCs, the mesenteric NCCs (MNCCs), will continue 
to migrate along the mesentery. During their migration, the 
MNCCs invade the GI tract to provide enough ENCCs for ENS 
formation. The MNCCs show a relatively slow migration, due 
to which the regions they invade are already occupied by the 
ENCCs. This makes ENCCs and MNCCs indistinguishable from 
each other [24].

During and after migration, the differentiation process is 
initiated during which ENCCs are committed to different 
neuronal fates [11,22]. This process is asynchronous since 
the appearance of neuronal subtype markers is staggered, 
and continues into postnatal stages [11,25]. During neuron 
differentiation, a reduction of Sox10-expression is observed, 
while the expressions of Ednrb, Ascl1 and Phoxb2 are 
maintained. With the decrease of Sox10-expression, comes the 
upregulated expression of the pan-neuronal markers HuC/D, 
β-tubulin III (also referred to as TuJ1) and neurofilament 

M [11,22]. Of these pan-neuronal markers, the protein 
HuC/D is routinely used in both the CNS and the peripheral 
nervous system (PNS). The advantages of this marker is that 
it is not only expressed in all neurons and thus not only 
in certain subpopulations. It also does not label neuronal 
processes, making quantification of neurons easier [26]. The 
development of the different neuronal subtypes occurs in a 
temporally sequential matter. This specific order suggests that 
the differentiation capacities of ENCCs is changing over time. 
This change is most likely to be determined by the presence 
of multiple factors which are largely undetermined so far [25]. 

With the formation of the ENS, it sometimes happens that 
one of the essential processes (migration, proliferation, 
differentiation) is failing. These processes are defined by 
genetically programmed pathways in which genes are 
expressed in precise spatiotemporal patterns regulated 
by gene regulatory networks. These networks are modular 
feedforward and feedback mechanisms comprising some 
subcircuit classes. They provide system-level views of 
the organogenesis, but are also at the genetic basis of 
developmental diseases through mutations [27–29]. This 
leads to a number of congenital enteric neuropathies, such 
as Hirschsprung’s disease (HSCR) [21,22,30]. HSCR is an 
enteric neuropathy which occurs in 1:5000 live-births and is 
characterized by aganglionosis along variable lengths of the 
distal intestine [10,20]. In most cases (80-90%), aganglionosis 
is affecting the rectum and the distal part of the sigmoid 
colon [20,21,32]. HSCR is caused by the failing of ENCCs to 
colonize the distal part of the intestinal tract during gestation 
(weeks 4 to 12 of human embryonic development). The genes 
undergoing mutations playing a role in the development of 
HSCR, predominantly belong to one of the following signaling 
pathways: Ret/Gdnf/Ntn and Ednrb/Et-3/Ece-1 [28]. The 
genetic susceptibility from multiple genes involved in this 
disease is widespread and variable, which reflects in differing 
presentation and recurrence risks among relatives [31]. A 
rare HSCR-variant, the so-called skip segment HSCR, contains 
an area within the aganglionated GI tissue in which the 
intestine shows the presence of ganglia, therefore containing 
enteric neurons and glial cells [24]. HSCR leads to functional 
obstruction and an impaired GI motility which is potentially 
fatal [10,32]. So far, the therapy applied consists of a surgical 
resection of the aganglionated GI tissue and anastomosis 
of healthy innervated tissue with the remaining part of the 
rectum [21,32,33]. The functional outcome of the treatment is 
variable, and many post-operative complications are involved. 
This leads to a reduced quality of life of the patients [32]. 
Alternative therapies such as stem cell therapy are therefore 
desired in the treatment of HSCR and other congenital enteric 
neuropathies. 

An increased focus on the development and evaluation 
of stem cell-based therapies has been arising over the last 
decade in search of alternative therapies for the treatment 
of enteric neuropathies. In stem cell therapy, there are two 
main techniques. The first approach is to repopulate the 
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aganglionated GI fragments through the transplantation 
of in vitro derived stem cells. The second method is to steer 
endogenous stem cells to neurons. Both techniques require 
the detailed composition of enteric neuronal subtypes and 
their proportions as well as the required factors involved [5]. 

Most of the different processes involved in ENS formation, 
such as migration and proliferation of the ENCCs, has been well 

studied. The differentiation of neurons and the specification of 
neuronal subtypes remain largely unknown. To make stem cell 
therapy possible in the treatment of GI disorders, it is essential 
to understand each process involved in the ENS formation. 
This review focuses on the factors and pathways which are 
shown to be involved in the differentiation and/or subtype 
specification of enteric neurons (Table 4). 

Table 4: Summary of the known factors involved in the differentiation of enteric neurons and their putative functions.

Factor Family Subfamily Putative roles in the differentiation process

Sox10 Sox SoxE

-	 Keeping ENCCs in undifferentiated state

-	 Differentiation of glial cells

-	 Cooperation with SuFu for ENCC-fate determination 

Sox6 Sox SoxD
-	 Correlated with gastric dopaminergic neurons

-	 Normal gastric motility

Phox2b Paired homeobox NA
-	 Activation of and interaction with Ret in ENCCs

-	 Development of serotonergic and dopaminergic enteric neurons 

Ret NA NA -	 Interaction with other factors (Phox2b, Gdnf)

Gdnf Gdnf NA
-	 Ret activation in ENCCs

-	 Development of myenteric neurons, with the exception of NOS+-neurons

Neurturin Gdnf NA -	 Attracting axons of excitatory motor neurons and/or promoting axon 
growth and branching of excitatory motor neurons

Hh NA NA -	 Promoting progression of bipotent ENCCs to differentiate into more 
mature cell states

Ascl1 bHLH Ascl

-	 Development of catecholaminergic immature neurons

-	 Development of serotonergic neurons

-	 Timely initiation of neuron differentiation

-	 Stomach → development VIP, TH and Calb-neurons

-	 Intestines → development TH and Calb-neurons

Hand2 bHLH NA -	 Terminal differentiation of TH, NOS and VIP-neurons 

Et-3/Ednrb NA NA
-	 Inhibition neuronal differentiation rate 

-	 Subtype specification 

Bmp2 Tgfβ Bmp 

-	 Induction development nitrergic and catecholaminergic neurons 

-	 Opposite effects on early-born versus late-born neuronal phenotypes

-	 Development of nNOS-neurons

-	 Neuron differentiation 

Zeb2 Zinc finger E-box 
binding proteins NA

-	 Sox10 and Et-3-interaction 

-	 Glial cell differentiation 

-	 Inhibition neuronal differentiation 

RA NA NA -	 Promoting neuronal differentiation 

Abbreviations: Sox: SRY-like HMG-box; bHLH: Basic Helix-Loop-Helix; Tgfβ: Transforming growth factor β; Bmp: Bone morphogenic protein; 
Sox10: SRY-like HMG-box 10; Sox6: SRY-like HMG-box 6; Phox2b: Paired-like homeobox 2b; Ret: Rearranged during transfection; Gdnf: Glial 
cell line-derived neurotrophic factor; Hh: Hedgehog; Ascl1: Achaete-scute family transcription factor 1; Hand2: Heart- and neural crest-
derivatives-expressed transcript 2; Et-3: Endothelin-3; Ednrb: Endothelin receptor b; Bmp2: Bone morphogenic protein 2; Zeb2: Zinc finger 
E-box binding protein 2; RA: Retinoic Acid; ENCCs: Enteric Neural Crest Cells; SuFu: Suppressor of Fused; (n)NOS: (neuronal) Nitric Oxide 
Synthase; VIP: Vasoactive Intestinal Polypeptide; TH: Tyrosine Hydroxylase; Calb: Calbindin; NA: Non-Applicable
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Factors and Pathways Involved in Neuron 
Differentiation and Enteric Neuronal Specification

For each neural stem cell or progenitor cell, it needs to be 
decided whether it will take on an enteric neuronal cell fate 
or a glial cell fate. Though, the neural stem cells initially 
take on neuronal precursor characteristics, it is only later 
during development that glial precursors are formed. During 
development, it is possible for the outcome of neuronal 
progenitors to change. In some parts of the GI tract, it has 
been shown that certain factors are involved first in the early 
ENS development, and later on also in events such as neuronal 

differentiation, specification and migration [11]. 

Since the generation of neuronal diversity is defined by 
multiple combinatorial codes, multiple factors cooperate to 
produce different neuronal subtypes. Therefore, the factors 
involved have their individual functions, but they are still 
prone to be altered, enhanced, or suppressed when put 
together with other factors (Figure 1). 

In the following part, the most studied and best-known 
transcription factors, signaling molecules and pathways, 
indicated by previous studies to be involved in ENS 
differentiation are described. 

Figure 1: A schematic overview of the known transcription factors, signaling molecules and signaling pathways involved in the 
differentiation process of enteric neurons. Green arrow: enhancing effect, red bar: suppressing effect, black arrow: differentiation of the 
neuron. Abbreviations: ENCC: Enteric Neural Crest Cell; Gdnf: Glial cell line-derived neurotrophic factor; Zeb2: Zinc finger E-box binding 
protein 2; Ret: Rearranged during transfection; Phox2b: Paired-like homeobox 2b; Sox10: SRY-like HMG-box 10; SuFu: Suppressor of Fused; 
Hh: Hedgehog; Et-3: Endothelin-3; Ednrb: Endothelin receptor b; RA: Retinoic Acid; Bmp2: Bone morphogenic protein 2; Ascl1: Achaete-scute 
family transcription factor 1; Hand2: Heart- and neural crest-derivatives-expressed transcript 2; (n)NOS: (neuronal) Nitric Oxide Synthase; 
Sox6: SRY-like HMG-box 6; Dop: Dopaminergic; TH: Tyrosine Hydroxylase; Calb: Calbindin; Catech: Catecholaminergic; 5-HT: 5-hydroxy 
tryptamine or serotonin; Calb: Calbindin; VIP: Vasoactive Intestinal Polypeptide.
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Transcription factors

SRY-like high-mobility group (HMG)-box (Sox) family: 
This family consists of a group of transcription factors which 
is characterized by the presence of an HMG domain which 
has >50% homology with that of the sex-determined-region 
on the Y chromosome [34]. The proteins in this family are 
known to affect stem cell functioning and fate through the 
regulation of expression genes involved in self-renewal 
and multipotency. It binds to the minor groove of DNA, has 
a preference for the sequence A/TAACAAT, and triggers 
conformational changes [34-36]. In the genome of vertebrates, 
there are around 20 Sox family members which have a broad 
range of developmental functions, and which are classified in 
subfamilies going from A until J according to the homology 
in sequence with those of the Drosophila melanogaster 
and Caenorhabditis elegans [34,35,37]. The SoxD subfamily, 
which contains Sox6 transcription factor, is characterized 
by a long and evolutionary conserved N-terminal domain 
consisting of a leucine zipper, two coiled-coil domains and a 
glutamine-rich motif [38]. SoxD genes contain multiple exons 
in the genomic transcripts, due to which they are alternatively 
transcribed into long or short transcripts at different stages 
during development. This enables the genes to fulfil multiple 
functions [38,39]. Sox10 belongs to the SoxE subfamily 
which is characterized by 2 domains: an unique dimerization 
domain proximal to the N-terminus of HMG box, and a distinct 
C-terminal transactivation domain [39,40]. Sox proteins 
contain nucleocytoplasmatic shuttling properties which 
causes their cellular events to be dynamic and complex [41]. 
The partner protein recruitment and interactions performed 
by Sox proteins are extensively reviewed by She and Yang in 
2015 [39]. In this family, there are also members expressed in 
neuronal progenitors, such as Sox2, 8 and 10, of which Sox10 
is the best-known. Recently, five other Sox family members are 
found to be involved in the ENS formation. The expression of 
Sox5 largely coincided with progenitors; Sox4, Sox9 and Sox11 
were detected in neurons, and Sox6-expression appeared 
in neuron subpopulations. Sox4, 9 and 11 are thought to 
complement the currently known set of Sox genes in the 
sequential differentiation process of ENS neurons [25].

Sox10: The transcription factor Sox10 belongs to the 
SoxE subfamily and is known to be essential for the survival 
and maintenance of undifferentiated ENCCs and glial 
differentiation [30,35,42]. Its expression is regulated by other 
transcription factors and by two enhancing domains: one 
domain crucial for the initiation of Sox10 in newly formed 
NCs (Sox10E2), and a second domain which plays a role later 
during development in migrating truncal and vagal crest cells 
(Sox10E1) [35]. Sox10 is expressed early in development in all 
delaminating NCCs and later in the ENCCs [42,43]. Therefore, 
it is often used as an NCC-marker. However, Sox10 is not 
required for the formation of NCCs since the generation and 
the emigration of NCCs are unaltered in homozygous (Sox10-

/-) mutants. On the other hand, forced expression has been 
suggested to impose NCC-like characteristics in in vivo neural 
tissue [42]. The expression of Sox10 will be downregulated 
as cells differentiate into enteric neurons [11,20,44]. While 
the Sox10-expression is decreasing in certain cells, in some 
other cells the expression remains. These cells are either 
maintaining the undifferentiated neuronal state, or becoming 
glial cells [11,43,44]. The regulation of Sox10-expression 
levels determines the differentiation between neuronal and 
glial lineages, and forms thus an important factor in the ENS 
development [30]. A role in the early survival of ENCCs has 
been suggested through mouse models lacking Sox10. In 
these mutants, the NCCs fail to colonize the largest portion of 
the GI tract [11]. This failing is a result of extensive cell death 
of the vagal NCCs prior to the colonization process. This leads 
to an absence of ENS in this mouse model. On the other hand, 
an overexpression of Sox10 does not seem to have an effect 
on the commitment of ENCCs to the neurogenic lineage 
[42]. In addition, heterozygous Sox10 mutants displayed a 
reduced number of progenitor cells at early stages of the ENS 
development [45]. 

Sox6: Sox6 is a member of the SoxD subfamily which 
recently has been identified. Sox6 initiates its expression in 
mice on E11.5 in a small subset of Sox10+-progenitors, which 
is later during development than Sox10. The expression then 
gradually increases until E15.5, and eventually coincides 
with mature neurons characterized by HuC/D-expression. In 
addition, it is found that Sox6 co-localizes with gastric tyrosine 
hydroxylase (TH+) -expressing (dopaminergic) neurons, and 
that it is also expressed in a gastric subpopulation characterized 
by neuropeptide Y/calbindin 1 (NPY/Calb1)-expression. These 
findings led to the conclusion that Sox6 correlates with the 
formation of gastric dopaminergic neurons. Through gene 
knockout it was suggested that Sox6 has a function in the 
generation of normal gastric motility [25]. 

Paired-like homeobox 2b (Phox2b): Phox2b is a 
homeodomain transcription factor which is initially not 
expressed in NCCs, but will be as soon progenitor cells enter 
the enteric mesenchyme [46,47]. Phox2b expression is then 
observed in enteric neuronal progenitor cells as well as in 
differentiating neurons during ENS development [43]. This 
delayed expression of Phox2b was observed in zebrafish 
in which at 60 hours post fertilization, Phox2b-expression 
presented the same expression pattern as Sox10, i.e., two 
parallel rows lateral in the developing GI tract. Since the 
Phox2b-expression was not as extended as the Sox10-
expression, it was suggested that expression of Phox2b 
starts later than Sox10-expression [48]. Phox2b is seen 
as a main regulator of neuronal subtype specification. As 
Sox10, Phox2b is first expressed in enteric precursors, but 
unlike the Sox10-expression which decreases over time in 
differentiating enteric neurons, the expression of Phox2b 
remains [43,46,49]. This balance that exists between Sox10 
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and Phox2b is demonstrated to be the result of their mutual 
and reciprocal suppression. When a mutation occurs in 
Phox2b, it disturbs the balance which leads to the inhibition 
of early proliferation and subsequentially causes biased 
differentiation of progenitors towards the glial cell fate. In 
addition, such a mutation also reduces early proliferation of 
precursors in enteric glia primordia. It is known that continued 
proliferation of precursors is of extreme importance in the GI 
tract since the colonization of the complete GI tissue depends 
on it. Therefore, mutations in Phox2b are partially responsible 
for the terminal aganglionosis of HSCR [46].

An important role during development, is the genetic 
interaction with and activation of the receptor tyrosine 
kinase rearranged during transfection (Ret) in the progenitor 
cells [43,46,49]. Besides the regulation of Ret-expression, 
Phox2b also plays an important role in the development of 
serotonergic and dopaminergic enteric neurons [47]. In human 
tissue, it has also been shown that Phox2b is expressed in 
myenteric neurons of the adult colon. However, not all enteric 
neurons express Phox2b and even some enteric neurons have 
the Phox2b expression restricted to neuronal somata. The 
physiological significance of this variable cellular expression 
still needs to be revealed [49]. 

Basic helix-loop-helix (bHLH) family: The transcription 
factors belonging to this family have conserved a domain 
comprising a short stretch of basic amino acids and two α 
helices, separated by a loop motif. It was found that these 
transcription factors play roles in the regulation of cell-fate 
determination and the development of certain organs. These 
factors are divided into different groups depending on either 
function or expression [50]. 

Ascl1: Ascl1, initially called Mash1, is a member of the bHLH 
family belonging to the class B subfamily of the classification 
based upon expression patterns, and is a transcription factor 
expressed in both the CNS and the PNS. The onset of Ascl1-
expression in ENCCs is induced by a signaling molecule, 
namely the bone morphogenic protein 2 (Bmp2), and is 
correlated with the entry of the NCCs in the foregut which 
occurs early during development [44,50,51]. Along the 
development, Ascl1 was initially confined with the Sox10+-
cell population which are the enteric neuronal progenitors. 
Then, Ascl1-expression became visible in a subset of HuC/D-
expressing cells at early stages. This subset of neurons also 
expressed Sox10 and the cell cycle marker Ki67. This showed 
that these cells were immature neurons. Further during 
development, it was seen that Ascl1-expression reduced until 
it remained present in about 5% of the HuC/D-expressing 
cells. This led to the conclusion that Ascl1 is mainly expressed 
in ENCCs (progenitors of all neuronal subtypes), after which 
the expression is maintained for a short period of time for 
neuronal subtype specification. This expression pattern is 
found to be conserved in higher vertebrates [51].

Mice lacking Ascl1 showed a decrease of 80% in the 
number of catecholaminergic immature neurons between 
E10-14. At E18.5-19 a reduction of HuC/D-expressing cells 
along the entire GI tract was observed compared to wild-
type populations. The reduction is the strongest in the 
anterior part of the GI tract, and gradually normalizes when 
going more posterior. This suggests that an upregulation of 
partially compensating proneural genes is involved. This was 
tested with the proneural gene Ngn2, which is found to be 
capable of compensating for Ascl1-loss and induces normal 
neurogenesis in the ENS without respecifying the ENCCs. 
This proves that the deletion of Ascl1 leads to a delay in the 
enteric neurogenesis on one hand, and to the loss of a part of 
the enteric neuron lineages on the other hand [44,51]. Ascl1 
is shown to be involved in the formation of enteric neurons in 
the esophagus, and in the formation of 5-hydroxytryptamine 
(5-HT, serotonin) neurons in the intestines and stomach 
[11,25]. However, not all Ascl1-expressing NCCs are destined 
to become 5-HT-neurons since around 50% of NCCs express 
Ascl1, but only 1% of the enteric neurons are 5-HT-neurons. 
With the downregulation of Sox10 during development, an 
increase in the Ascl1-expression is seen in a subpopulation 
of the cells. This Ascl1 upregulation is suggested to suppress 
the Sox10-expression, therefore Ascl1 is thought to give 
rise to neurons [11]. It is confirmed that Ascl1-expression is 
not essential for ENCC-migration and survival, but solely for 
the timely initiation of neuronal differentiation. It was also 
found that in mice lacking Ascl1, the percentages of neurons 
expressing Calb, vasoactive intestinal polypeptide (VIP) or TH 
were significantly reduced at E18.5-E19 in the stomach. In the 
intestine, Calb-expressing cells were also strongly reduced, 
but the number of VIP-expressing cells remained the same. 
TH-expressing cells were too low to quantify, but a reduction 
in the intestine was visible. Surprisingly, the number of 5-HT-
expressing cells was not affected by the deletion of Ascl1, and 
even a small, nonsignificant increase was seen. Looking at the 
expression of calcitonin gene-related peptide (CGRP) and NPY, 
no difference in numbers of neurons was observed. For NOS+-
cells, a slight but also nonsignificant increase was detected. As 
already quoted, Ngn2 may serve as a compensator for the loss 
of Ascl1, nevertheless the production of neurons expressing 
Calb, VIP (stomach) and TH (stomach) remained drastically 
reduced in these mice, proving the important role of Ascl1 in 
the formation of specific neuronal subtypes [51].

Heart- and neural crest derivatives-expressed transcript 
2 (Hand2): Hand2 is another transcription factor belonging 
to the bHLH family. It is expressed in nearly all lineages of 
the ANS, except for the sensory ganglia. In the forming of 
sympathetic ganglia, the expression of Hand2 is initiated 
when the precursors were directed towards a sympathetic 
neuronal cell fate, and already showed Phox2b-expression 
[52]. This shows the importance of this transcription factor 
later during ENS development. When it comes to the function 
of Hand2 in the ANS, there are multiple loss-of-function studies 
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performed in zebrafish and mice indicating its importance in 
neuroblast differentiation and proliferation [53-55]. Also, the 
deletion of Hand2 in mouse-NCCs resulted in a reduction of 
the proliferation of cells expressing the pan-neuronal markers 
HuC/D and TuJ1 [55]. Another study demonstrated that Hand2 
is important for the induction of another transcription factor: 
Tbx3 [56]. 

For the ENS, it is shown that in Hand2-/- mice models, the cells 
express undifferentiated cell markers, such as Sox10, p75, Ret 
and Phox2b, as well as glial precursors. Only a small amount 
of pan-neuronal markers was found. In addition, no neuronal 
subtype-specific markers, such as TH (ANS), NOS and VIP (ENS) 
were expressed. This indicates that Hand2 is required for 
terminal differentiation of enteric neurons, and is not involved 
in the development of glial cells [11,55,56].

Zinc finger E-box binding protein 2 (Zeb2): Zeb2 is 
a member of the small Zeb family which consists of two 
members: Zeb1 (δ EF1) and Zeb2 (Sip1 or Zfhx1b). These 
proteins are characterized by the presence of a homeodomain 
separated by two clusters of “zinc finger” (C2H2-type) domains 
which have DNA-binding activity [57,58]. The two transcription 
factors in this family are characterized by being able to repress 
transcription by directly binding with each of their two clusters 
to a series of separated E-box-like sequences (CACCT(G) or 
CACANNT(G)) in the 5’ regulatory regions of the target genes. 
Zeb proteins are thought to achieve repression by competing 
with bHLH transcriptional activator at gene promotors since 
E-box-like sequences overlap with the target DNA-binding 
sites of the transcription factors of the bHLH-family [58]. 

During embryogenesis, Zeb2 is expressed in multiple tissues. 
Later, it is highly expressed in different neuronal subtypes 
in the CNS [57]. For the formation of the ENS, Zeb2 is found 
the be important early during development and is expressed 
in enteric neuronal progenitors. In addition, the interaction 
between Zeb2 and Sox10 is essential for the proliferation 
and differentiation of enteric neurons. Throughout the 
development, Zeb2-expression is maintained in glial cells but 
is turned off in mature enteric neurons [59]. The continuous 
expression of Zeb2 throughout the development highlights 
its important regulatory role. This has been proven by the 
observed severe neurological consequences as a result of the 
loss of Zeb2-expression [58]. Zeb2 knockout studies in mice 
have also shown severe defects in neural crest formation 
at E8.5, and death at E9.5 [58,60]. In addition, the deletion 
of Zeb2 (Zeb2-/-) results in a complete lack of vagal NCCs 
[59,60]. In heterozygous Zeb2-models, Zeb2+/-, there is an 
increase in neuronal differentiation which results in more 
TuJ1+-cells with visible longer axons. The number of neurons 
which was significantly increased, came together with a 
significant reduction of Sox10+-cells. The number of glial 
cells remained the same. This shows that the reduction of 
Sox10-expression was correlated with a reduction of enteric 

neuronal progenitors being a consequence of the increase 
in neuronal differentiation. This indicates some sort of co-
operation between Sox10 and Zeb2 [59,61]. Zeb2 also seems 
to influence the neurogenetic inhibition induced by Et-3. In 
Zeb2-heterozygous models, when being exposed to Et-3, the 
inhibition of neurogenesis was only partial. This suggests 
that the response to Et-3 is incomplete in these models. Of 
this came the conclusion that coordinate activities of the 
Et-3/Ednrb-signaling pathway and Zeb2 are required for 
the differentiation of multi-lineage ENS progenitors in vitro. 
Looking at the ENS formation in double heterozygous models 
in vivo, it is seen that the colonic region lacked TuJ1-expression. 
This suggests that the combined Et-3 and Zeb2 gene dosage 
reduction impacts the ENS development. This might be the 
consequence of a genetic interaction between the two loci. 
Double heterozygous models were also formed between Zeb2 
and Ednrb. This resulted in the absence of neurons around the 
cecum area or starting halfway through the colon. Since Ednrb 
is the Et-3-receptor in enteric cells, it is strongly suggested that 
Zeb2 is also involved in a genetic interaction with Ednrb. The 
investigation of the crosstalk between Zeb2 and Et-3/Ednrb-
signaling pathway resulted in a significant increase in neuronal 
differentiation in double heterozygous models (Zeb2/Et-3). 
This led to the conclusion that a coordinate action between 
Zeb2 and Et-3 is required to control neuronal differentiation of 
enteric progenitors in vivo [59]. 

Homeobox (Hox) and Transcription activator-like 
effector (Tale): In the developing ENS, four Tale (3 amino acid 
loop extension) genes were identified: Pbx2, Pbx3, Meis2 and 
Pknox1. To impose differential transcriptional read-out, the 
Hox genes are dependent on the interaction with genes of the 
Tale family. Therefore, it is hypothesized that a combinatorial 
expression of various Hox and Tale proteins contributes to the 
presence of subtype-specific characteristics in enteric neurons 
[25]. 

Signaling molecules

Bone morphogenic protein 2 (Bmp2): Bmp2 is a signaling 
factor belonging to the transforming growth factor β (TGFβ) 
family. Bmp proteins are known to regulate critical functions 
in embryonic development such as organ morphogenesis 
and cell migration, proliferation and differentiation within 
the developing GI tract [62]. Multiple studies reported that 
Bmp2 plays an important role in ENS development. It is shown 
to induce differentiation of nitrergic and catecholaminergic 
neurons, and has a predominant effect on the inhibitory set 
of enteric neurons without affecting the excitatory neurons 
[63]. A decrease of Bmp2-signaling also leads to enhanced 
early-born neuronal phenotypes while the later born neuronal 
phenotypes are reduced in number. Increase of Bmp2-signaling 
results in the opposite effect [64]. Another study showed in 
vitro a higher number of TuJ+-cells in a medium containing 
more Bmp2 than in controls. Looking at subtype specification, 
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this study showed that the medium in which extra Bmp2 was 
added, resulted in a higher number of neuronal NOS (nNOS)-
expressing enteric neurons compared to the expression in 
control medium. No difference was observed between the 
two media in the number of choline acetyltransferase (ChAT)-
expressing neurons. The study confirmed these findings 
by adding noggin, a Bmp-inhibitor, to a third medium. This 
resulted in a reduction of electrical field stimulation (EFS)-
induced relaxation compared to the untreated constructs [65]. 
All together, these studies prove the importance of Bmp2 in 
the differentiation of progenitor cells to enteric neurons and 
subtype formation.

Glial cell line-derived neurotrophic factor (GDNF) family:

Gdnf: Gdnf is the most important member of the Gdnf family 
involved in ENS formation and neuron specification [11]. Gdnf 
is expressed in the GI mesenchyme, binds to Gdnf family 
receptor α1 (GFR1) during early stages of cell migration and 
proliferation, and activates the Ret tyrosine kinase expressed 
in ENCCs [66,67]. In addition, it is shown to be essential in the 
early survival of ENCCs in the small bowel and colon [11,67]. 
Its function would be to serve as a chemoattractant for ENS 
precursors [68]. This important role has made it impossible 
so far to determine its function later in ENS development in 
vivo since knockout results in unviable animals. In vitro studies, 
on the other hand, have shown that Gdnf promotes not only 
survival of enteric neurons in later stages of the development, 
but also their proliferation, migration, and neuronal 
differentiation. In heterozygous mice models (Gdnf+/-), there 
is a reduction of at least 50% of myenteric neurons in the 
small intestine and colon, but the percentage of nitric oxide 
synthase (NOS)-expressing cells was the same as in wild-type 
mice. Thus, Gdnf is not affecting NOS+-neurons [11]. When 
GFRα1 is inactivated, a significant reduction of neurons in the 
midgut is observed, while no differences were observed with 
regard to the glial cells. This suggests that Gdnf-signaling is 
required for neuronal differentiation [66]. 

Neurturin: Another member of the Gdnf family is neurturin. 
Although mice lacking this signaling molecule are viable and 
seem to have similar numbers of enteric neurons compared 
to wild-type mice, a decrease is observed in the number of 
substance P-axons innervating the circular muscle. Therefore, 
it seems that neurturin is involved in attracting axons of 
excitatory motor neurons and/or promoting axon growth and 
branching [11]. 

It has also been demonstrated that while the development 
of the ENS is proceeding, the dependency shifts from Gdnf 
and GFRα1 towards neurturin and GFRα2 for further trophic 
support. This shift is similar to the switch in trophic factor 
dependence observed in the parasympathetic nervous system 
wherein Gdnf is required early in development for proliferation 
and migration of neuronal precursors, and neurturin becomes 
an essential factor for the maintenance of neuronal projections 

in adult animals. Through gene knockout, the same study 
found that neurturin only has a minimal effect on enteric 
neuron survival or proliferation before birth [67]. 

Signaling pathways

Rearranged during transfection (Ret): Ret is a tyrosine 
kinase which is functionally connected to a family of four 
receptors. These receptors all specifically bind to one 
neurotrophic factor, such as glial derived neurotrophic 
factor (Gdnf). Early during development, Ret seems to be 
an essential factor for progenitor migration, while during 
later stages of development, it shown to be more involved 
in the promotion of neuronal differentiation. In zebrafish, 
the co-expression of Ret and Sox10 with Phox2bb led to 
the discovery of three enteric progenitor subpopulations, 
and it is also demonstrated that a small subpopulation of 
differentiating enteric neurons express Ret and Phox2bb [43]. 
In mice, two different monoisoformic alleles of the Ret-locus 
were generated, Ret9 and Ret51, expressing the two main Ret 
isoforms (Ret9 and Ret51). Mouse models homozygous for 
Ret9 showed a normal embryonic and postnatal development, 
while the models homozygous for Ret51 were characterized 
by distal colonic aganglionosis, suggesting that Ret9 is 
important in normal ENS development [69]. Ret51 homozygous 
mice models also represent a reduced number of ENCCs 
and a delayed migration in the GI tract, proving Ret’s role in 
ENCC migration and proliferation. Nonetheless, this defect 
in colonization is corrected shortly afterwards leading to a 
normal neuronal network after 5 days. This normal network, 
however, was only observed in the small intestine. In the large 
intestine, complete migration failed and was only observed in 
the proximal third of the colon [70]. 

Hedgehog (Hh)-signaling: Hh-signaling pathway is 
involved in GI organogenesis and ENS development, and 
is mediated by the transcription factors Gli1, Gli2, and Gli3 
[30,71]. While Gli1 and Gli2 mainly act as activators, Gli3 
works as a repressor. Ectopic human Gli1 overexpression in 
transgenic mice previously resulted in HSCR-like phenotypes, 
and aberrant activation of Hh-signaling resulted in premature 
gliogenesis of ENCCs. This suggests that Gli1-activity is 
important for ENS development and HSCR pathogenesis. 
Suppressor of Fused (SuFu) reduces Gli transcriptional activity 
by promoting the formation of Gli3 suppressor activity, and 
the cytoplasmatic sequestration of Gli activators. Interestingly, 
Sox10 downregulates SuFu to promote glial differentiation. 
This indicates a probable cooperation between Sox10 and 
SuFu/Gli to determine the fate of the NCCs. A mechanistic link 
between SuFu/Gli and Sox10 has been shown in mice, which 
coordinates neuronal and glial lineage differentiation, and NCC 
migration. These observations provided evidence that there is 
a connection between Gli-mutations and HSCR patients, and 
show that a perturbed Sox10-SuFu/Gli regulatory nexus leads 
to HSCR pathogenesis. This study also demonstrated that 
a deletion of SuFu leads to a spontaneous induction of NCC 
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differentiation to form neurons and glial cells. SuFu is essential 
to retain directional migration of the ENCCs for the complete 
innervation of the GI and for the formation of neuronal 
networks. The loss of SuFu results in random migration of 
the ENCCs which leads to a delayed migration and to a 
disorganized ENS. This also causes impaired differentiation 
and less neurons (hypoganglionosis). It was also found 
that SuFu negatively regulates Sox10-expression in ENCCs 
through the control of Gli transcriptional activity, and that 
SuFu-expression was elevated in Sox10 mutant mice (Sox10N/+) 
which suggests a bidirectional regulatory loop involved in the 
control of Sox10 levels [30].

Besides activating Hh by the overexpression of Gli1, it is also 
possible to activate Hh through knocking out Ptch1, which is 
a negative regulator of Hh-signaling. It has been suggested 
that the activation of the Hh-signaling pathway promotes 
the progression of bipotent ENCCs to differentiate into more 
mature cell states [71]. 

Endothelin-3/Endothelin receptor B (Et-3/Ednrb)-
signaling: Despite the unclear regulation of enteric 
neurogenesis so far, it has been shown that Et-3 and Ednrb are 
involved in populating the distal regions of the GI tract with 
enteric neurons. Both in vivo as in vitro studies suggest that 
Et-3 its main function is to inhibit the neuronal differentiation 
rate of ENCCs, but it has also been suggested that Et-3-
signaling impairs the self-renewal of ENS progenitors by 
promoting their differentiation into myofibroblasts [11,72]. 
It is also shown that Et-3-signaling is mainly involved in the 
migration process and that it may influence the phenotype of 
specific neuron subpopulations since a difference was found 
in neurotransmitter-expressions in the small intestine of Et-3-
deprived adult mice [11]. In this pathway, it was shown that 
the expression of Ednrb is regulated by Sox10, and that it is 
activated by Et-3. Once activated, Ednrb causes inhibition of 
neuronal differentiation in mixed cultures of the ENS [72]. In 
Zeb2 heterozygous models, the defective response of Ednrb 
to Et-3 is corrected by virus-mediated production of Ednrb, 
confirming the negative effect of Zeb2-decrease on the 
Et-3/Ednrb-signaling pathway. This proves that Ednrb gene 
expression is not only directly co-regulated by Sox10, but also 
by Zeb2 [59]. 

During the colonization of the small intestine, the ENCCs 
expressing Et-3 are ahead of the ENCCs expressing Ret and 
Ednrb. This shows that the Et-3/Ednrb-signaling pathway 
also plays an important role in the development of the ENS 
in prececal GI segments. Mice models lacking both Et-3 
and specific Ret-loci show a much more severe phenotype 
compared to the mice models lacking only one of the two. 
This suggests that there is also a strong genetic interaction 
between the Ret and Et-3 alleles [70]. 

Retinoic acid (RA)-signaling: RA is an active vitamin A 
metabolite which is shown to have an important role in the ENS 

development. It is thought to be involved in the specification 
of vagal NCCs and more specifically in the proliferation and 
migration of ENS progenitors [73,74]. 

It was first shown that an overexpression of RA, or introducing 
an excess of RA as a treatment, leads to a delayed colonization of 
the ENS precursors [75]. Next, it was revealed that inactivation 
of retinaldehyde dehydrogenase 2 (RALDH2/ALDH1a2), the 
enzyme responsible for RA-induction during embryonic 
development, leads to GI aganglionosis [76]. The fact that RA 
increases neuronal differentiation in other neuronal lineages 
led to the hypothesis that this is also the case for the ENS. It was 
shown that indeed, RA enhances the neuronal differentiation 
of enteric precursors. Interestingly, when it comes to neurite 
outgrow it was seen that the ones originating from the ENS 
precursors that were maintained in RA, were significantly lower 
than in cells grown without RA. These results prove a complex 
effect of RA on ENS development [73]. A study performed on 
human pluripotent stem cells (hPSC) showed that the timing 
of RA-induction also influences enteric neuron differentiation. 
If RA is expressed too early during development, the induction 
of NCCs from hPSCs is blocked. Late addition of RA changes 
the axial identity of cells committed to neural crest fate [74]. 

Other signaling pathways

In 2018, Memic and her colleagues performed an extensive 
study searching undetermined transcription factors, 
signaling molecules and pathways. During this study, 9 
novel and unreported signaling pathways were determined: 
fibroblast growth factor (FGF), activin A (Inhba dimer), TGFβ, 
chemokine (CXCL12), ephrin/Eph, insulin-like growth factor 
(IGF), fibronectin leucin rich transmembrane protein (FLRT), 
connective tissue growth factor (CTGF), and midkine (MDK). 
These signaling pathways were also found to be expressed in 
different stages during development. While CTGF and most 
of the others were expressed throughout the complete ENS 
development, it was seen that FGF1 is expressed during mid-
stages, and that MDK and activin A were expressed from mid- 
to late-stages. In addition, novel receptors having incomplete 
signaling characterization were also identified: leukocyte 
receptor tyrosine kinase (LTK) and aryl hydrocarbon receptor 
(AHR). As with the signaling pathways, a spatiotemporal 
expression was sometimes found. AHR-expression was only 
found in the colon between E15-E18, whereas FGF receptor 
1 (FGFR1) was expressed along the whole GI tract except in 
the colon. This study gave rise to signaling components who 
are indicative of 16 cell-cell communication pathways with 
unexplored roles in the developing ENS [25]. 

Conclusion

The development of the ENS is a complex event which 
involves a series of processes. These processes are guided by 
the presence and interaction of multiple transcription factors, 
signaling molecules and pathways. For the treatment of GI 
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disorders due to failing of one of these processes, there is a great 
interest in the application of stem cell therapy rather than the 
currently used surgical resection followed by anastomosis. But 
before stem cell therapy is officially introduced as a possible 
therapy, the processes underlying ENS formation need to be 
completely unraveled and understood. A lot of research has 
been performed on the migration and proliferation processes 
involved in ENS development, but little is known regarding the 
differentiation process. So far, only a few transcription factors, 
signaling molecules and pathways are reported to play certain 
roles in the differentiation process. This review described the 
factors of which is has been proven to be involved individually 
as well as through interactions. Nevertheless, this information 
still remains insufficient to introduce stem cell therapy in 
the treatment of GI disorders such as HSCR. Therefore, in the 
future more research into the differentiation and subtype 
specification of enteric neurons is required. 
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