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1. Introduction 

1.1. Anatomy of the enteric nervous system 

The enteric nervous system (ENS) is the largest part of the peripheral nervous 

system. This extensive and complex autonomic network is responsible for numerous 

functions in the gastrointestinal tract, such as intestinal motility, control of local blood 

flow, mucosal transport and secretion, maintaining barrier functions, preservation of 

normal gut flora, and regulation of immune- and endocrine functions (1). The ENS 

contains more neurons than the spinal cord and can mediate reflex action independently 

of the central nervous system. It contains about 80-100 million enteric neurons that can 

be classified into functionally distinct subpopulations, including intrinsic primary 

neurons, interneurons, motor neurons, secretomotor-, and vasomotor neurons (2).  

The ENS, which ranges from the esophagus to the rectum, can be divided into 

intrinsic and extrinsic compartments. The neuronal and glial elements of the intrinsic ENS 

are arranged in two concentric ganglionated plexuses (Figure 1), which are also 

interconnected through intraganglionic nerve fibers (3). The myenteric plexus, also 

known as Auerbach's plexus, is located within the intestinal wall, between the circular 

and longitudinal smooth muscle layers along the entire gut length. The submucosal 

plexus, which is absent in the esophagus, consists of an outside (mucosal) part called 

Schabadash's plexus and an inner (submucosal) network called Meissner's plexus (4). 

Given the extensive connection between the two submucosal ganglion systems and the 

lack of their functional differences, they are often referred to as single plexus.  

 A B 

Figure 1. Structure of the ENS. Schematic representation (A) of the gut cross 

section with the two concentric ganglionated plexuses. 9ED chick embryo hindgut 

cross section stained with Tuj1 neural marker (B) delineating the enteric plexuses and 

the interconnecting nerve fibers. The schematic figure was created with 

BioRender.com. The microscopic photo is my own work. 
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Our recent research in avian and mammalian species has identified ramified 

myeloid cells within these ganglia (5). This finding suggests the existence of a third cell 

type in the intestinal ganglia, intermingled with neurons and glial cells. These cells, 

termed “intraganglionic macrophages”, are situated within the connective tissue capsule 

surrounding the enteric ganglia (6) and express cell surface markers characteristic of 

microglia (5). 

The ENS — through the local reflex circuits involving sensory, motor- and 

interneurons—regulates most functions of the gut and plays a crucial role maintaining 

normal gastrointestinal motility. Therefore, its essential function is undeniable, and not 

surprisingly, all acquired or inherited abnormalities of ENS can lead to serious health 

consequences. Insights into the development of the gastrointestinal tract and the “second 

brain,” as it is often referred to (7), are relevant for understanding the pathophysiology 

and treatment of newborns and children with motility disorders. A deeper understanding 

of ENS development may help improve stem cell therapy options to meet the increasing 

demand for medical care for affected patients. 

 

1.2. The neural crest cells and development of the enteric nervous system 

Gastrulation is a critical stage in the development of all vertebrate embryos, 

leading to the formation of three distinct germ layers: endoderm, mesoderm, and 

ectoderm. The endoderm gives rise to the epithelial lining of the gastrointestinal tube, as 

well as the parenchymal cells of the liver and pancreas. The mesoderm forms 

mesenchymal components such as the smooth muscle and stromal cells of the lamina 

propria and submucosa. The ectoderm is further divided into three types of cells: the outer 

ectoderm, neural tube, and neural crest (NC). The neural crest, commonly called the 

fourth germ layer, originates from the dorsal neural tube (NT) to specific inductive 

signals. The components of bone morphogenetic protein (BMP) signaling are directly 

involved in the neural crest induction (8). The coordinated activity of Noggin and BMP-

4 in the dorsal neural tube initiates the delamination of Slug-expressing neural crest cells 

(9). The expression of the BMP inhibitor Noggin exhibits a gradient, with minimal levels 

in the rostral area and maximal levels in the caudal part of the neural tube. This results in 

a region of elevated BMP-4 activity (consistent BMP-4 levels and reduced Noggin 

concentration) at the site of compartmentalized somites, where neural crest delamination 
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occurs. After the induction, epithelial-mesenchymal transition (EMT) enables neural crest 

cells (NCCs) to detach from the NT (Figure 2), migrate along specific paths to distinct 

tissues, and undergo differentiation into diverse cell types. BMP-dependent Wnt signaling 

is essential for the epithelial-mesenchymal transition (EMT) of neural crest cells: 

blockage of the canonical route obstructed neural crest delamination, but the 

overexpression of β-catenin restored neural crest delamination in the Noggin-inhibited 

neural primordia (10).  

 

 

 

 

 

 

The neural crest cells are highly invasive, multipotent stem cell populations 

which give rise to various tissue and cell types all over the body (summarized in Table 1). 

They can be subdivided into four distinct populations based on their cranio-caudal 

positions according to the somites: cranial, cervical, truncal and sacral, all of which have 

their own migration pathway, gene expression profile, and differentiation potential. They 

are responsible for the development of pigmentary cells, the adrenal medulla, craniofacial 

structures, the dentine of teeth, conotruncal cardiac structures, and the sympathetic and 

parasympathetic divisions of the peripheral nervous system. In the context of ENS 

development, the neural crest population which emerges from the cervical region of the 

NT at the level of the 1st-7th pair of somites is of the utmost importance. Neural crest 

ablation studies on chicken embryos confirmed first the neural crest origin of the intrinsic 

ENS (11). Chicken-quail and chicken-GFP (green fluorescent protein)-expressing 

transgenic chicken chimeras further confirmed the cervical neural crest origin of the vast 

majority of ENS precursor cells (12). The NCCs emerging from the cervical region of the 

A B 
Figure 2. Neural crest cells (NCCs) originate from the dorsal 

neural tube (nt) as shown in both the schematic figure (A) and 

chicken embryo cross section (B) stained with SOX10 (green) and 

HNK1 (red). The microscopic picture is my own work. 
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NT can be divided into populations originating from the somite levels 1st to 3rd and 

4th to 7th. The former one is made up of two populations with a dorsolateral and a ventral 

migration pathway. In chicken embryos at the stage of 2nd embryonic day (E2, or 10th 

Hamburger-Hamilton stage [HH10]) and in 8.5-embryonic-day-old mouse embryos, 

NCCs that follow the dorsolateral route reach the developing heart and contribute to the 

formation of the aorto-pulmonary septum, parasympathetic cardiac neurons, glial cells, 

and myocytes. (13,14). These are called cardiac NCCs. The other population migrates 

ventrally at HH13 from the dorsal part of NT, forming the ganglia of the wall of 

esophagus and stomach and the ENS of the foregut (15,16). They got the name of vagal 

neural crest because this population colonizes the parasympathetic ganglia of the vagus 

nerve as Schwann-cell precursors (17). The NCCs from the caudal segment of the cervical 

population (from 4-7th somites) which migrate ventrally join the population colonizing 

the foregut (from 1-3rd somites) and create the intrinsic part of the ENS all along the 

whole gastrointestinal tract. The NCCs emigrating from the 7th somite level are both 

differentiating to melanocytes and forming the dorsal root ganglia (18). The truncal neural 

crest cells (between 8-28th somite) do not correspond to the intrinsic plexuses of ENS, but 

form the para- and prevertebral sympathetic ganglia, celiac ganglia, inferior mesenteric 

ganglia, and the chromaffin cells of the adrenal medulla. The cervical population and the 

sacral cells originating caudally to the 28th somite form together the sympathetic chain 

around dorsal aorta, the superior cervical ganglion, pelvic plexus, and Remak-ganglion 

specific to the avian species (19). Studies in the avian system provided strong evidence 

for the contribution of the sacral NC (caudally to the 28th somite) to the hindgut ENS (20–

23). These cells invade the mesenchyme around the cloaca, where they form the ganglia 

of pelvic plexus and later continue their rostro-caudal migration (24,25) and provide the 

main source of extrinsic innervation of the distal bowel (12,20,21). Whether the sacral 

NC contributes to the ENS in the mammalian hindgut remained unclear until the latest 

results with genetically engineered mouse embryos; they do not contribute to murine ENS  

(26–29). Recently, some alternative pathways of neuronal cell population in the gut have 

been described, such as the migration of Schwann cell precursors along extrinsic nerves 

(30) or trans-mesenteric migration which comprises another pathway for enteric nervous 

precursor cells to reach the colon, as some of the cells from the midgut bypass the mouse 

ceca and migrate directly through the mesentery into the wall of the adjacent hindgut (31). 
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Table 1. Origin, populations and derivatives of neural crest cells 

The migration routes are shown on a schematic representation of a 4-week-old human 

embryo. The figure was created with BioRender.com and modified based on 

Rothstein et al., 2018. (32) 

 

 

Origin Population Derivatives 

 
Cranial 

(cephalic) 

cranial ganglia, 

connective tissues of the 

face, odontoblasts, 

parafollicular cells of 

thyroid 

S1-7 Cervical 

Cardiac 

cardiac neurons and glial 

cells, aorticopulmonary 

septum, myocytes 

Vagal 
Schwann-cell precursors, 

intrinsic ENS 

S8-27 Truncal 

dorsal root ganglia, 

sympathetic ganglia, 

chromaffin cells of 

adrenal medulla, 

melanocytes 

S28- Sacral 

sympathetic ganglia, 

extrinsic ENS, Schwann-

cell precursors, Nerve of 

Remak (NoR) 

 

The enteric neural and glial cells are derived from the NC (11,33). Two groups 

of undifferentiated cells, derived from neural crests, colonize the gut wall and migrate 

both in a craniocaudal direction (forming the intrinsic) and in a caudocranial direction 

(forming the extrinsic innervation). After delamination, the vagal neural crest cells 

(originating from the 1-7th somite level) with ventral migration pathway are colonizing 

the proximal foregut (15). In human fetus, these neural crest cells (NCCs) initially enter 

the developing esophagus (named enteric neural crest-derived cells, ENCDCs from this 

point) during the third week of gestation and subsequently, during the fourth and seventh 

week of gestation, and move in the craniocaudal direction towards the anal canal 

(Table 2) (16). Neural crest-derived cells originating from 4-7th somite level migrate also 

ventrally, join the migration wavefront of cells mentioned above, and colonize the whole 

gastrointestinal tract.  
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Table 2. Comparing the development of the ENS across various species based on 

the timing of the emergence of cells originating from the vagal neural crest. 

Based on Nagy and Goldstein, 2017. (16) 

 

The neural crest derived cells are constantly and simultaneously proliferating, 

migrating and the rearwards cells are differentiating. The undifferentiated neural crest 

cells have characteristic markers (Table 3), such as SOX10 (SRY-related HMG-box 10), 

PHOX2B (paired-like homeobox 2B) transcription factors and G-protein coupled 

endothelin receptor B (EDNRB), p75NTR neurotrophin receptor and tyrosine kinase 

receptor (RET). During the colonization process, the cells migrate collectively in groups: 

the cells in the leading front are undifferentiated, and the cells behind the “wave- front” 

are in the different stages of differentiation. The neural lineage commitments start shortly 

after the neural crest cells have entered the developing foregut. The glial differentiation 

is a later process. In these neural crest derived neurons, the expression level of SOX10 

and p75 is lowered, but they are still RET+ and PHOX2B+. The neural cells are still in the 

precursor state but have already started to produce PGP9.5 (protein gene product 9.5), 

type III β-tubulin (TUJ1), ELAV-like RNA Binding Protein 4 (ELAVL4, Hu C/D) 

(Table 3),  showing mitotic activity (16). They are considered differentiated neurons 

when they have started to produce neurotransmitters, like neural nitric oxide synthase 

(nNOS), vasoactive intestinal peptide (VIP), neuropeptide Y (NPY), substance P, and 

choline acetyl transferase (ChAT). In mice the definitive neurons of the myenteric plexus 

appear first in the 11st – 13rd embryonic days, but neurotransmitter producing submucosal 

neurons only differentiate after birth (34,35). The glial precursor cells maintain their SOX 

and P75 markers, but the expression of RET is lowered. They start to express the glia-

specific markers, such as brain fatty acid-binding protein (BFABP), the calcium binding 

domain of intestinal calcium-binding protein (ICaBP type calcium binding domain; 

S100), and lastly the glial fibrillary acidic protein; GFAP) (Table 3) (36). Interestingly, 

 
Proximal 

foregut 
Stomach 

Cecal 

region 

The distal 

end of the 

hindgut 

Zebrafish 32 hpf - - 66 hpf 

Quail E2.5 E4 E5 E7 

Chick E2.5 E4.5 E5.5 E8 

Mouse E9.5 E10.5 E11.5 E14.5 

Human Week 3 Week 4 Week 6 Week 7 
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the enteric glial cells maintain their neurogenic potential, and they are capable of 

dedifferentiating to progenitor-like state and differentiate into neurons due to injury 

(37,38).  

Table 3. Differentiation of enteric neurons and glia with 

corresponding markers based on Nagy and Goldstein, 2017 (16)  

Neural 

crest 

cells 

(NCCs) 

Vagal 

NCC-

derived 

cells 

Enteric neural crest 

derived cells (ENCDCs) 

Enteric neuron 

HuC/D, Tuj1, Phox2b, Ret, 

PGP9.5, TMEM100, 

L1CAM, N-cadherin, 

NCAM, neurofilament, 

peripherin 

Wnt1, 

FoxD3, 

Sox10 

Sox2/10, 

Ednrb, 

nestin, p75, 

HNK1 

Sox2/10, Ednrb, Ret, 

Phox2b, nestin, p75, HNK1, 

L1CAM, N-cadherin, 

HAND2, Hoxb5, 

Ascl1/Mash1, ErbB3 

Enteric glia 

Bfabp, PLP1, GFAP, 

S100β, Sox2/10, nestin, 

p75, CD49b, ErbB3 

 

The final step in the development of the ENS is the formation of ganglia. After 

NCCs have reached the gut and migrate through the mesenchyme of foregut and midgut, 

they are uniformly dispersed (except in the ceca where they tend to congregate) and 

randomly start to form primitive ganglia. In this stage the smooth muscle layers are not 

differentiated yet, therefore the neural crest cells are settled in the outer mesenchymal 

layer of the gut wall (39,40). With the increase in the level of muscle structuring, the 

neural crest cells are pushed to the outer side forming the circular smooth muscle layer. 

In contrast, in chicken embryo, the differentiation of smooth muscle layers is already 

finished before the arrival of neural crest cells, and they are colonizing first the 

submucosal region and later forming the myenteric plexus. In avian embryos, the laminin 

expressing endothelial cells form two concentric capillary networks prior to the entrance 

of neural crest-derived cells. These structures pre-determine the position of future 

plexuses (41). In mouse embryos, the submucosal plexus is only formed postnatally (42). 

The myenteric plexus is formed in humans at the 12th week of gestation. Once the 

craniocaudal migration is complete, the neuroblasts migrate from the myenteric plexus 

through the circular muscle layer in a radial direction into the submucosal layer, forming 

the submucosal plexus and the characteristic cross-sectional pattern (43). This migration 

occurs in a craniocaudal direction between the 12th and 16th weeks of gestation (44). The 

timing of avian ENS development more closely resembles human development, which 

makes it a better choice for disease modeling. 
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1.3. Hirschsprung’s disease 

Abnormalities in the development of cells derived from the neural crest are 

called congenital neurocristopathies (45–47). These can be categorized into two primary 

groups, one of which includes abnormalities resulting from the migration or 

morphogenesis of cells originating from the neural crest, such as Hirschsprung's disease 

(HSCR), aorticopulmonary septal defect, and DiGeorge syndrome. The other major 

category comprises tumors and proliferative diseases, like neurofibromatosis, 

pheochromocytoma, neuroblastoma and ganglioneuromatosis. Neurointestinal disorders 

may arise from either congenital or acquired causes. The root causes of neurointestinal 

diseases may include genetic, inflammatory, degenerative, and paraneoplastic 

mechanisms (48). Developmental abnormalities of the ENS can be classified based on 

variations in the number of neurons: hyperganglionosis refers to ganglioneuromatosis or 

ganglioneuroma, whereas hypoganglionosis is connected to the intestinal pseudo-

obstruction, and aganglionosis (49). 

Neonatal intestinal obstruction can be caused by a rare condition known as 

HSCR. In 1886, Dr. Harald Hirschsprung, a Danish physician, provided a clear and 

succinct description of the condition known as "congenital megacolon." His treatise was 

entitled „Constipation in newborns due to dilation and hypertrophy of the colon” 

(Figure 3) (50). A method of treatment was not offered by him, nor was the etiology 

proposed for this condition. At the time, he was unaware of the previous reports (51) 

concerning the subject for instance provided by Frederik Ruysch (1691) (52), who 

mentioned the first case of megacolon in his chirurgical anatomy book.  

Initially − in the 1900s − it was proposed that this disorder has a neurogenic 

cause. However, four decades later, Ehrenpreis still believed that the loss of ganglion 

cells, as observed by others, was a consequence of continuous colonic dilatation and stasis 

rather than the primary cause (50,53). In 1948, Whitehouse discovered that aganglionosis 

is a congenital abnormality (54). While early studies identified familial instances of 

HSCR (55), the unraveling of the human genome  provided insight into the genetic origins 

of the disease. The discoveries were made through collaboration among basic scientists, 

medical geneticists, and pediatric surgeons: mutations were identified in 50% of the 

patients from families with HSCR, mainly affecting the tyrosine kinase domain of RET 

proto-oncogene (56). Further studies have confirmed genetic linkages involved in the 
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development of the ENS. Most of them belong to the RET (57) and endothelin signaling 

pathways (58,59). Recent advances in genetic technologies, including next-generation 

sequencing provide more insight into the development and complexity of the ENS and 

reveal new HSCR-related genes (60–62).  

 

 

Currently the only available treatment option is the surgical resection of the 

aganglionic segment and reconnection of the healthy colon with the rectum. Among these 

laparoscopic, transanal pull-through procedures are the Duhamel-, Swenson- and Soave-

procedures. After surgical procedures the recovery is often not complete, due to the 

occurrence of Hirschsprung-associated enterocolitis (HAEC) (63) and recurring passage 

issues. 

Researchers are working to develop novel stem cell therapies, whereby stem 

cells could be transplanted into the aganglionic segment of the bowel to replace the 

missing ENS (64,65). Furthermore, there is a need for a more precise understanding of 

the appropriate therapeutic strategies for several patients with different variations of 

HSCR. Further research on the ENS and the molecular genetics of these diseases may 

offer additional insights into these concerns and enhance our understanding of how to 

manage affected infants in the future. 

Figure 3. Historical overview of the discovery of Hirschsprung's disease (HSCR). 

A.) The title page of Frederik Ruysch's book on surgical anatomy, published in 

1691, in which he first mentions megacolon. B) Portrait of Harald Hirschsprung 

and headline of a publication describing congenital megacolon in detail. C-D) The 

primary defect in HSCR is the lack of innervation of the distal colorectum. Intestinal 

peristalsis is absent in the affected segment; the bowel contents are stagnant. The 

proximal segment with normal innervation and the abdomen is markedly distended 

(C-D images of the courtesy of Dr. Allan M. Goldstein). 



 − 17 −  

1.3.1. Anatomic pathology of HSCR 

The fundamental pathophysiologic characteristic of HSCR is identified as a 

functional obstruction, which is attributed to a narrowed distal aganglionic segment that 

inhibits the propagation of peristaltic waves.  

The condition of HSCR is defined by fundamental defects of the ENS, 

accompanied by secondary effects in the gut emerging from the physiological 

consequences of aganglionosis. The most apparent and diagnostically significant feature 

of HSCR is recognized as congenital aganglionosis of the distal rectum and a variable 

length of the adjacent proximal bowel. In around 80% of the cases, short-segment HSCR 

(ssHSCR) develop where aganglionosis is localized to the rectosigmoid colon. The gut 

segment situated directly adjacent to the aganglionic segment called transition zone 

denotes ganglionic yet neuroanatomically anomalous bowel. This should be distinguished 

from the funnel-shaped gross anatomical transition zone, typically located at or near the 

proximal end of the aganglionic segment (66). The predominant neuropathological 

characteristics observed in the transition zone include partial circumferential 

aganglionosis, myenteric hypoganglionosis, and submucosal nerve hypertrophy (66). 

 

1.3.2. Epidemiology and variants of HSCR 

The prevalence of HSCR is estimated to be 1 in 5000 live births (67,68), showing 

some geographic heterogeneity with an incidence of 1 in 10000 births in Europe (67) and 

1 in 5000 in Japan (69).  

Classical segment HSCR refers to patients (80%) whose aganglionic segment 

does not extend beyond the upper sigmoid. On the other hand, long-segment HSCR (10%) 

is characterized by aganglionosis that extends to the splenic flexure or transverse colon. 

Total colonic aganglionosis (5-8%), as the name suggests, occurs when the aganglionic 

segment extends to the entire colon and a short segment of the terminal ileum. The rarest 

and most severe form of HSCR is the total intestinal aganglionosis (70), where there is 

an absence of ganglion cells from the duodenum to the rectum. This condition occurs in 

less than 1% of patients (71,72). The absence of ganglion cells in HSCR has been 

attributed to a failure of migration of the NCCs. The earlier the arrest of migration, the 

longer the aganglionic segment is. 
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Studies have shown that there is a higher prevalence of males being affected 

compared to females, with a ratio of 4 males to every 1 female (68,73). In long-segment 

HSCR, the ratio of males to females is 1:1-2:1, showing a less pronounced male 

dominance (73) and it is even reversed in total colonic aganglionosis, where the male-to-

female ratio is 0.8:1 (74). The cause of these imbalanced ratios is uncertain; no X-linked 

genetic regions have been identified in HSCR. The majority of HSCR cases are sporadic 

and are thought to be caused by many factors and genetic influences. 

 

1.3.3. Genetics of HSCR and related animal models 

The pathological mechanism resulting in the distinctive histological features of 

aganglionosis and enlarged nerve trunks in HSCR remains inadequately elucidated. The 

inability of ENCDCs to reach their normal distal intestinal location, proliferate, develop, 

or survive is considered  the key commencing factor in the pathogenesis of HSCR (75). 

The normal process of development necessitates the intricate interplay of genes that 

encode transcription factors, signaling molecules and their receptors (Table 4) which 

regulate the morphogenesis and differentiation of the ENS. Alterations in gene function, 

anomalies in NCC or alterations in the gut microenvironment may result in irregular 

development of the ENS (Table 4) (76–80). 

Non-syndromic HSCR, which refers to the occurrence of HSCR without any 

other defects, has been connected to pathogenic variations in several genes. HSCR has 

been linked to high levels of expression in at least 11 neuro-developmental genes, 

specifically RET, GDNF, NTN, SOX10, EDNRB, EDN3, ECE1, ZFHX1B (ZEB2), 

PHOX2B, KIAA1279, and TCF4. Non-syndromic HSCR is influenced by genes that fall 

into four primary groups. The first group includes RET and its ligands GDNF and NTN. 

The second group consists of EDNRB and the associated genes EDN3 and ECE1. The 

third group involves the NRG signaling pathway, specifically NRG1 and NRG3. Lastly, 

the fourth group encompasses the SEMA signaling pathway, which includes SEMA3C 

and SEMA3D. (81,82) 
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Table 4. The most important genes involved in the morphogenesis 

and differentiation of the ENS and the mouse models 

of intestinal aganglionosis with their corresponding phenotype. 

Genes Function 
Mouse 

model 

Mouse 

phenotype 

RET 
Tyrosine kinase receptor Ret-/- 

total intestinal 

aganglionosis 

GDNF Glial cell-derived 

neurotrophic factor 
Gdnf-/- 

total intestinal 

aganglionosis 

NTN Neurturin, RET ligand Ntn-/- hypoganglionosis 

GFRα 
GDNF family receptor 

alpha 1 

GFRα1-/- 
total intestinal 

aganglionosis 

GFRα2-/- hypoganglionosis 

EDNRB 
Endothelin B receptor Ednrb-/- 

aganglionosis of distal 

hindgut 

EDN-3 
Endothelin B Etr3-/- 

aganglionosis of distal 

hindgut 

SOX10 Sry/HMG box 

transcription factor 
DOM 

total intestinal 

aganglionosis 

PHOX2B 
Paired-like homeobox 2b Phox2b-/- 

total intestinal 

aganglionosis 

IHH Indian hedgehog Ihh-/- segmental aganglionosis 

SHH Sonic hedgehog Shh-/- ectopic neurons 

 

 

The significance of the RET/GDNF/GFRα1 signaling pathway lies in its ability 

to support the survival of neurons, promote mitosis of neuronal progenitor cells, facilitate 

neuronal differentiation, and support neurite extension. These effects have been 

demonstrated through both in vitro and in vivo assays, highlighting the importance of this 

pathway for various subpopulations of peripheral and central neurons (83–88). The RET 

receptor is the signaling component of receptor complexes including four ligands, glial-

derived neurotrophic factor (GDNF), neurturin (NTN), artemin (ATM) and persephin 

(PSP) (89). GDNF acts as a chemo-attractive agent and upon binding to its co-receptor 

GFRα1, it activates the RET receptor, promoting the migration of NCCs (90) and 

stimulates the proliferation and survival of NC-derived precursor cells in the embryonic 

gut (91–94). The generation of RET knockout mice has further illustrated the importance 

of RET in mammalian organogenesis (95). Apoptosis of enteric NCC in the foregut has 



 − 20 −  

been observed in RET-deficient mice, resulting in intestinal aganglionosis (86). It is worth 

noting that there is evidence suggesting that the proliferation and survival of enteric NCCs 

and the length of the aganglionic segment is altered by the dosage of RET (96). 

Homozygous mice deficient in RET develop near-total aganglionosis, whereas 

heterozygous mice exhibit a normal ENS (97). Mice with a homozygous null mutation in 

GDNF have been created, and these mice exhibit the absence of kidneys and ENS, so 

affirming the essential function of GDNF in the development of ENS (97,98). RET 

signaling also influences neuron survival and ENS development following complete 

colonization (96). It has been demonstrated that the RET proto-oncogene also plays a 

major role in the development of human HSCR (56,99,100). RET mutations are 

responsible for 50% of familial cases and 15-20% of sporadic cases of HSCR (101–103). 

The lack of GDNF/GFRα1-mediated signaling leads to the failure of ENS development, 

and they exhibit comparable phenotypes as Ret-/- animals with the disruption of ENS 

beyond the esophagus and the absence of kidneys (97,98,104–107). The Gdnf+/- mice 

display hypoganglionosis, characterized by a 50% decrease in enteric neurons (108,109). 

The absence of NTN/GFRα2-mediated signaling leads to less severe defects in ENS 

development. The Ntn-deficient mice exhibit diminished nerve fiber density in the ENS 

and abnormalities in neurotransmitter release and gastrointestinal motility (110). It is not 

assumed that the Ntn mutation alone leads to HSCR, but it may play a role in the severity 

of the disease (111). 

The endothelins (EDN1, EDN2 and EDN3) are intercellular messengers that act 

via cell surface receptors, such as EDNRA and EDNRB. EDN3 and EDNRB play a 

crucial role in the migration and development of the ENS (112–114). In two naturally 

occurring mice strains, the piebald spotting (s1) and the lethal spotting (ls) mice (115), 

both the endothelin-3 (Edn3) and endothelin-receptor B (Ednrb) genes are affected 

(112,113). Additionally, there are several reports indicating that the downregulation of 

EDN3 expression might be involved in the development of HSCR in sporadic cases 

(59,116–121). Alongside its role in promoting the proliferation of enteric NCCs, EDNRB 

also hinders the differentiation of neuronal precursor cells. When this function is 

disrupted, the population of precursor cells is unable to continue dividing or migrating, 

resulting in an inability to fully colonize the gut (122) which could result in HSCR 

(123,124). Patients with Waardenburg syndrome who have a mutation in endothelin-3 
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(EDN3) (125,126) or its receptor, endothelin receptor type B (EDNRB) 

(116,117,124,127,128), also have HSCR as a component of their condition (type 4 

Waardenburg syndrome or Shah-Waardenburg syndrome). Deletion of the endothelin-

converting enzyme (ECE), which is responsible for the production of biologically active 

EDN (79,81,129), leads to colorectal aganglionosis (112,113). In addition to colonic 

aganglionosis, craniofacial and cardiac abnormalities are observed in the ECE1 knockout 

mice (130).  

The SOX10, also known as the sex determination region Y-box gene, is 

expressed in neural crest cells (NCCs) that play an instrumental part in the development 

of the peripheral nervous system in embryos (131,132). SOX10 is necessary for the 

survival of the enteric neural crest cells (NCCs), ensuring that they remain 

undifferentiated and able to proliferate (133–136). SOX10 mutations have been found as 

a causal factor for the elongated hypoganglionic transition zone and aganglionosis in the 

distal colon in the naturally occurring dominant megacolon (DOM) mice (132,137). The 

malfunction of the SOX10 gene leads to the early death of neural crest cells (132,138). In 

humans, Sox10 mutations were detected in patients with Waardenburg-Shah syndrome, 

which includes defects in the ENS and pigmentation abnormalities (139,140). 

The Phox2b gene, coding a transcription factor containing a homeodomain, 

plays a crucial role in neurogenesis and controls the expression of RET in mice. It plays 

a role in the formation of enteric ganglia by promoting the proliferation and survival of 

NCCs (90). When this gene is disrupted, it leads to a phenotype similar to HSCR (90,141) 

with a total disappearance of the ENS. In humans it is involved in the syndromic form of 

HSCR in conjunction with the congenital hypoventilation syndrome (142,143).  

Homeobox genes (Hox) are highly conserved genes of the network of 

transcription factors which turn on cascades of other genes (144). The enteric Hox code 

plays a crucial role in ensuring proper morphogenesis and determining the distinct Hox 

expression patterns in the gut, both in terms of their spatial, temporal, and combinatorial 

aspects (145). Studies in both mice and humans have revealed the significant role they 

play in the development of the enteric plexus (145,146). Several studies have described 

Hox mutations (Hox9, Hox13) in human HSCR (147,148), for instance, the colon of 

HSCR patients showed higher expression of Hox9 compared to normal controls. Hoxa9 

and Hoxa13 play a role in the formation of the zebrafish ENS, as well (149). The 
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expression of Hoxa9 was demonstrated in the posterior part of the small intestine and, 

interestingly, specifically in the ceca of chick embryos (150). In the early stages of gut 

development, the expression of Hoxa13 in the endoderm of the hindgut and cloaca was 

demonstrated by using the chick model. Hox11L1 (also known as Tlx2) is a homeobox 

gene involved in the peripheral nervous system development and assumed to take part in 

NCC proliferation (151). Two different Hox11L1 knockout mouse models have been 

generated (151,152). Both developed megacolon and the histological and 

immunohistochemical examination showed an increase in the size and number of 

myenteric ganglia, which closely resemble the phenotype found in individuals with 

intestinal neuronal dysplasia (IND). It was observed that the perturbation of Hoxb5 

resulted in Ret haploinsufficiency, which in turn constrained the migration of neural crest 

cells (NCCs), leading to hypoganglionosis and aganglionosis (153). Megacolon is also 

exhibited in transgenic rodents that have overexpressed Hoxa4, along with 

hypoganglionosis in a short segment of the terminal colon and abnormally located ganglia 

(154,155).  

The Sonic hedgehog (Shh) and Indian hedgehog (Ihh) genes have been shown 

to affect the survival and development of neural crest cells (NCCs). In mice, the depletion 

of hedgehog leads to partial intestinal aganglionosis, as well as megacolon or ectopic 

ganglia (156). Transcription factors Gli1, Gli2, and Gli3 play a crucial role in mediating 

hedgehog signaling in mammals (156). The ectopic expression of Gli1 leads to 

hypoganglionosis, a phenotypic outcome comparable to the loss of Indian hedgehog (Ihh) 

signaling (157,158). Transgenic mice that have an excessive amount of human Gli1 

exhibit a phenotype similar to HSCR, and the severity of this phenotype is directly related 

to the level of expression of the Gli1 transgene (156,158). Patients with HSCR have been 

identified to have missense mutations in the genes of Gli1, Gli2, and Gli3 (156).  

The ZFHX1B gene, commonly referred to as ZEB2 or SIP1 − a highly conserved 

gene that encodes zinc finger and homeodomain-like sequence-containing transcription 

factor − is expressed abundantly during embryological development (159,160). The 

deletion of ZFHX1B in NCCs induces abnormalities in the peripheral nervous system of 

the digestive tract and leads to the loss of vagal NCCs (161). Thus far, there have been 

no documented instances of ZFHX1B mutations in individuals with isolated HSCR. 

However, it is possible that the ZFHX1B gene could be a susceptibility gene for 
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syndromic HSCR (162,163) for instance in the case of congenital hypoventilation 

syndrome (164) and Mowat-Wilson syndrome (165–167). 

Loss of repression of the Fam162b gene in ENCDCs leads to a transgenic strain 

known as the TashT model. It is characterized by delayed migration of ENCDCs and 

partially penetrant aganglionic megacolon, exhibiting a pronounced male bias (168,169). 

Altered expression of the Col6a4 gene (excess collagen VI) also leads to a HSCR-like 

disease model named Holstein, presenting with delayed enteric NCC colonization of the 

embryonic intestine due to reduced cell migration. The myenteric ganglia in the 

ganglionated region are also encased by a substantial quantity of collagen VI microfibrils 

in the majority of patients in a cohort with HSCR, which implies a role in the HSCR 

phenotype (170). 

The role of β1 integrins in ENS development was investigated by the deletion in 

the NCCs of mice, resulting in aganglionosis of the descending colon, which is 

comparable to human HSCR (171). Additionally, endothelial cells support the migration 

of enteric NCCs via the interaction of NCC surface-β1 integrins and extracellular matrix 

proteins expressed by the intestinal vasculature (41). However, it has not been confirmed 

yet whether β1 integrins are involved in the impaired migration of ganglion cells observed 

in human HSCR (172). 

The Ercc1 gene plays a crucial role in nucleotide excision repair, recombination 

repair, and the repair of interstrand cross-links. Ercc1-deficient animals experienced the 

accumulation of unrepaired DNA damage in their colonic ganglia, resulting in a colonic 

blockage similar to the late-onset HSCR in humans (173). 

Numerous other non-genetic factors are also implicated in the control of ENS 

development. Previous studies have demonstrated the supportive effects of laminin (41), 

fibronectin (174), vitronectin (175), and collagen type I (176) on enteric NCC migration. 

Conversely, collagen type VI (170) has been found to inhibit migration. Altered 

extracellular matrix (ECM) proteins, such as tenascin, fibronectin, and nidogen, have 

already been observed in individuals with HSCR (177,178). 

Next generation sequencing studies might provide new insights and potential 

genes which might contribute to the development of HSCR, for example TBX3 (62,179).  
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1.4. The avian embryo as a model system for developmental studies 

The selection of the appropriate animal model is an essential part of any 

embryonic research, as it is influenced by developmental differences. The challenge lies 

in the fact that the formation of the ENS varies across different animal species. In 

amphibians and reptiles, the submucosal plexus is located exclusively in the region 

encompassing the esophagus and stomach (180,181). In mice, it develops only 

postnatally. The submucosal plexus is completely absent in zebrafish (182). In birds and 

humans, both neural plexus appear uniformly, already in the embryonic age (75). In most 

cases, the myenteric plexus is the first to form, except in birds where the submucosal 

plexus appears earlier. However, it is interesting to note that neuronal differentiation 

occurs earlier in the area of the myenteric plexus (21,24,42,183).  

Over the past few decades, the bird embryo has once again become the focus of 

attention. The most widely used species are the domestic chicken (Gallus gallus) and the 

Japanese quail (Coturnix japonica). Chicken embryos have long been used for this 

purpose due to their easy accessibility, sustainability, rapid development, manipulability 

and resilience. The successful sequencing of the chicken genome has further increased 

the strength of the model system, creating the possibility of genetic manipulations that 

could contribute to answering the fundamental questions of embryogenesis (184–186). 

In 1973, LeDouarin and Teillett, utilized the chimera technique to provide 

evidence for the neural crest origin of the neuronal and glial cells in the intestinal wall 

(12). Ever since the neural crest origin of the ENS in chicken embryos was established, it 

has been extensively employed to investigate the migratory pathway and fate mapping of 

different stem cells. Embryo manipulation and cell tracing studies on bird embryos can 

also be used to determine the origin, migration and differentiation of a particular 

differentiated cell type. The hybridoma approach enables the production of monoclonal 

antibodies that can be used to monitor specific cell populations (187–191).  

The chick embryos have been extensively studied as a surgically created model 

for HSCR, due to their widespread availability and the extensive research conducted on 

the development of their ENS (192). Meijers conducted a study on surgical ablation of 

the pre-migratory neural crest, which can be utilized to explore potential treatment 

approaches for the disease (193). The recolonization of aganglionic bowel with NCCs 

was demonstrated through the transplantation of tissue obtained from the dorsal neural 
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tube (33,194,195). In previous studies, it has been observed that neurons from different 

regions of the gut have the ability to recolonize the distal bowel and form enteric ganglia 

(195,196). An insufficient number of ganglionic nerve cells and a decrease in 

parasympathetic nerves within the intestinal wall lead to megacolon, akin to what is 

observed proximally to the aganglionic section in HSCR. This condition is defined by a 

model resembling hypoganglionosis (197). 

 

1.5. The role of embryonic ceca in the formation of ENS in the hindgut  

Although ENCDC-associated mutations are present in HSCR, the main portion 

of the intestine is colonized by ENCDCs, and aganglionosis is only shown in the colon in 

over 90% of cases. This implies that there might be something special related to the 

process of the hindgut ENCDC colonization. The current concept regarding the 

development of HSCR is that a lack of proliferation in enteric neural crest-derived cells 

(ENCDC) or early differentiation of neurons may result in an inadequate number of 

ENCDC progenitors successfully migrating from the foregut to the rectum. Nevertheless, 

the explanation of why cells are able to populate almost the entire gastrointestinal tract 

but only cease migrating in the colorectum remains unclear. This phenomenon could 

indicate that enteric neural crest-derived cells (ENCDCs) receive distinct molecular 

signals as they move from the midgut to the hindgut. It is possible that abnormalities in 

this particular region play an essential part in the development of HSCR. 

The junction of the small and large intestine is marked by the cecum in mammals 

and by paired ceca in avians. It has been suggested that this structure plays a crucial role 

in the formation of the hindgut ENS. For instance, the expression of GDNF and EDN3, 

which are ligands involved in important pathways linked to HSCR pathogenesis, is 

limited to the cecal region in both mice (94,114) and chick (176) gut just prior to the 

arrival of ENCDCs. The role of EDN3-EDNRB signaling in mice is only necessary once 

ENCDCs reach the cecum, as it promotes ENCDC proliferation and hinders neuronal 

differentiation (198–200). In addition, it has been demonstrated that the cecal 

environment can modify the migratory properties of the ENCDCs at the wavefront of 

migration, facilitating their colonization of the hindgut (176,201). However, the unique 

role of the ceca during hindgut ENS development and how signaling pathways in the ceca 

impact migrating ENCDCs to promote their migration into the colon are not yet fully 

understood. 
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1.6. Pleiotropic effects of the bone morphogenetic proteins (BMPs) on the 

development of the ENS 

BMPs are involved in neural crest induction and epithelial-to-mesenchymal 

transition and subsequent migration of NCCs. Following induction, NCCs utilize BMPs 

in varying ways, times, and anatomical regions throughout the development of the ENS 

(202). In the fetal gut, BMP-2 and BMP-4, their receptors BMPR-IA, BMPR-IB, and 

BMPR-II, along with BMP inhibitors, such as noggin, gremlin, chordin and follistatin, 

are present at the stage when ENCDCs have completed their migration and first 

differentiated neurons become detectable. This expression pattern points to their possible 

paracrine or autocrine functions in ENS formation (203–205). Studies using epithelium-

mesenchyme recombination techniques have demonstrated that mesenchymal signals 

play an essential role in guiding the formation and spatial organization of enteric plexuses 

(206–208). Furthermore, BMP-2 and BMP-4 promote the nuclear translocation of 

phosphorylated Smad-1 from the cytoplasm in enteric ganglia, confirming active 

signaling and the responsiveness of ENCDC to BMP stimulation. 

BMP4 influences the migration of ENCDCs (203,209) as well as the 

differentiation of enteric neurons (210) and glial cells (211). In addition, BMP signaling 

contributes to the development and spatial organization of enteric ganglia, ensuring 

correct neuronal distribution and connectivity, which is associated with changes in neural 

cell adhesion molecule (NCAM) expression (209,212). Studies have shown that BMP 

signaling confines murine ENS precursors to the outer gut wall during their migratory 

phase. It also promotes colonization of the colon in mice, while reducing the formation 

of ganglionic aggregates and limiting neurite fasciculation. Such effects result in 

hypoganglionosis and a lower degree of neuronal clustering within ganglionic structures. 

The migration of ENCDCs throughout the intestine, as well as neurite fasciculation, may 

be influenced by BMP-mediated enhancement of polysialic-acid on Ncam1. Removal of 

polysialic acid from Ncam1 enzymatically eliminates BMP-induced effects on ENCDC 

migration and neurite fasciculation Consequently, BMP4 facilitates acid addition to 

neuronal Ncam, thereby supporting neuron aggregation into ganglionic clusters 

(209,212). 
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Overexpression of Noggin, driven by a neuron-specific enolase promoter, 

increases neuronal numbers in both submucosal and myenteric plexuses of the postnatal 

gut in transgenic mice (202). However, despite the overall rise in neuronal count, the 

population of TrkC-positive neurons decreases. By contrast, BMP2 and BMP4 appear to 

limit overall ENS size but promote differentiation of specific neuronal subtypes, 

including TrkC-expressing cells (202). 

Blocking BMP signaling in the intestinal mesenchyme disrupts smooth muscle 

development and causes abnormal ENS patterning (204,205). Experimental data from 

avian and murine embryos, however, are not entirely consistent. In chicken embryos, 

Noggin overexpression leads to hindgut hypoganglionosis (203), while excessive BMP4 

in the mouse gut organ cultures hampers ENCDC migration (209). Misexpression of 

BMP4 in the chicken gizzard mesenchyme produces hypertrophic and ectopic ganglia 

(209). BMP2 enhances neuronal differentiation of mouse and rat ENCDCs (213) and 

upregulates GDNF receptor expression on NCCs, thereby increasing their responsiveness 

to GDNF (214). Furthermore, combining GDNF treatment with elevated BMP2 or BMP4 

in rat ENCDC cultures yields a higher neuronal output (202). 

The transcription factor Smad-interacting protein 1 (SIP1/ZEB2), a negative 

modulator of BMP4 signaling (215), is involved in NCC specification, differentiation, 

and migration (216). Mutations in SIP1 are associated with HSCR (164,217,218). In 

summary, although the link between BMP4 and ENS development is well established, 

the precise mechanism by which BMP4 controls ENCDC colonization of the hindgut 

remains unclear.  
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2. Objectives 

 

Although the exact etiology of Hirschsprung disease (HSCR) remains unclear, recent 

decades have yielded significant insights into the complexity of this congenital 

neurointestinal disorder and its variants. Advances in our understanding of ENS 

development and the molecular and genetic regulation of neurointestinal disorders have 

revealed that HSCR is a genetically complex and heterogeneous illness. It arises from 

abnormal development of neural crest cells and involves multiple mutations across 

various genes and signaling pathways, besides other molecular factors that are yet to be 

fully identified. 

The primary objectives of this thesis are: 

1. To characterize the role of the avian ceca in the development of the hindgut enteric 

nervous system using avian embryonic surgery techniques and molecular approaches. 

2. To identify novel growth factors of cecal origin in hindgut ENS development and to 

experimentally validate their contribution to ENS formation.  

Specific aims include: 

• Characterizing the expression pattern of BMP4 during avian hindgut ENS 

development and investigating the effects of BMP signaling on the migration and 

differentiation of enteric neural crest-derived cells. 

• Characterizing the expression of non-canonical WNT5A and WNT11 in the 

developing avian hindgut and elucidating previously unrecognized roles of 

WNT11 signaling in colorectum ENS development. 
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3. Methods 

3.1. Animals / Embryos 

Fertilized White Leghorn chicken (Gallus gallus domesticus) eggs were 

obtained from commercial breeders (Prophyl-BIOVO Ltd., Hungary and Charles River, 

USA) and maintained at 37.5 °C in a humidified incubator. Transgenic green fluorescent 

protein (GFP)-expressing chicken eggs were obtained from Prof. Helen Sang, The Roslin 

Institute, University of Edinburgh, UK (219). Embryos were staged according to the 

number of embryonic (E) days or to Hamburger and Hamilton (HH) tables (220,221). Gut 

stages were referenced to the chick embryo gut staging table (222) and the ENS formation 

timetable (39). 

 

3.2. Histological methods 

3.2.1. Preparation of samples 

For histological studies, whole embryos and embryonic intestinal sections were 

isolated under a stereomicroscope with micromanipulation tools (micro-scissors, 

tweezers, micro-dissecting needles, and embryo spoon). For immunohistochemistry and 

immunofluorescence studies, gelatin frozen blocks of organs were prepared (190). The 

dissected organs were fixed in 4% buffered paraformaldehyde (PFA) for 1 hour, after 

which the fixative was washed out with phosphate buffered saline (PBS). The samples 

were incubated overnight at 4°C in 15% sucrose (Reanal puriss, 07140-0-08-38) solution 

prepared in 0.1 M PBS (pH=7.2). The next day, the solution was changed to 7.5% gelatin 

(Sigma, G2500; dissolved in 15% sucrose containing PBS) and incubated the samples for 

1 hour at 37 °C. The impregnated organs were placed on a bed of gelatine and covered 

with a second layer. The blocks thus obtained were glued with Tissue-Tek matrix (Sakura 

Europe, 4583) to cardboard pieces. Isopentane (2-methylbutane; Sigma, M32632) was 

cooled to -50 °C in liquid nitrogen and the blocks were frozen in it. The cryo-sectioning 

was performed by using Shandon cryotome at a temperature of -24 °C. The 12 µm thick 

sections were taken on poly-L-lysine (Sigma, P8920) coated or SuperFrost adhesion 

slides. The sections were stored at -20 °C until processing. 
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3.2.2. Immunohistochemistry 

Gelatin was dissolved from frozen sections in PBS heated to 37 °C (3-5 minutes) 

and then replaced to room temperature PBS for a further 5-7 minutes rehydration. The 

primary antibodies (50-80 µL/section) were applied to the slides (Table 5). Dilutions 

were performed in PBS containing 1% BSA and sodium azide (PBS-BSA). Sections were 

then incubated in a humidity chamber at room temperature for 1 hour and washed in PBS 

for 3 x 5 minutes. In the next step, the secondary antibody (Table 6) was measured and 

incubated for further 45 minutes at room temperature in the humidity chamber. After 

washing in PBS (3 x 5 minutes), the sections were placed in a 3% hydrogen peroxide 

solution (Sigma-Aldrich, H1009) to block the endogenous peroxidase activity of the 

tissue. After another washing series, the ABC complex (avidin-biotin-peroxidase 

complex, Vectastain Elite PK-6100; Vector Laboratories) was applied to the sections and 

incubated for half an hour. The ABC solution was diluted for 30 minutes prior to use 

according to the prescribed parameters (1:100 in PBS). After washing-off the solution in 

PBS, the bound peroxidase enzyme activity was determined with 4-chloro-1-naphtol 

(Sigma, C8890). The chloronaphthol stock solution was diluted in PBS: 100 µL stock in 

100 mL PBS with 300 µL hydrogen peroxide mixed on a magnetic stirrer for 30 minutes, 

protected from light. After filtering this solution, we measured it to the sections and 

incubated them for 30 minutes. After developing the color reaction, we washed the slides 

for 3 x 5 minutes and mounted the samples with water-based media (Poly-Aqua 

Polyscience Inc., Washington PA, USA, 18606) and stored them at 4 °C until microscopy. 

 

3.2.3. Immunofluorescence 

Preparations of the sections and incubation with primary antibody (Table 5) 

were performed in the same way as described in the immunohistochemistry chapter (with 

the only exception in the case of pSMAD staining, where we used TBS during the whole 

procedure instead of PBS). Next, the fluorochrome-conjugated secondary antibody 

(Table 7) was pipetted dropwise on the section. Incubation was carried out at room 

temperature in a humidity chamber, protected from light for 45 minutes. Between 

incubation steps, the sections were washed with PBS (3 x 5 minutes). We counterstained 

nuclei with DAPI (4,6-diamino-2-phenylindole dihydrochloride) (Invitrogen, D1306) 

with a 1 µg/mL solution for 15 minutes. After the water-based mounting of the slides we 

stored them in the dark at 4 °C until microscopy. 
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Table 5. Primary antibodies used in immunostaining. The name of the primary 

antibodies indicated with their target, source, specificity, vendor, corresponding catalog 

numbers and Antibody registry IDs found on the Research Resource Identification 

(RRID) Portal (https://rrid.site/). 

Target 

name 

(or clone) 

Source Isotype Dilution Vendor, 

catalog 

number 

Antibody 

registry ID 

CD57 

(HNK-1) 

mouse IgM 1:50 Thermo Fisher, 

MA5-11605 

AB_10980268 

HuC/D 

(16A11) 

mouse IgG2b 1:100 Thermo Fisher, 

A-21271 

AB_221448 

nNOS rabbit 

(polyclonal) 

IgG 

(H+L) 

1:200 Thermo Fisher, 

61-7000 

AB_2313734 

N-cadherin 

(3B9) 

mouse IgG1 1:200 Thermo Fisher, 

33-3900 

AB_2313779 

N-cadherin 

(GC-4) 

mouse IgG1 1:200 Sigma-Aldrich, 

C3865 

AB_262097 

p75 rabbit 

(polyclonal) 

IgG 

(H+L) 

1:1000 Promega, 

G3231 

AB_430853 

β3-tubulin, 

Tuj1 (AA10) 

mouse IgG2a 1:100 Santa Cruz 

Biotechnology, 

sc-80016 

AB_2210523 

SOX-10 

(A-2) 

mouse IgG1 1:100 Santa Cruz 

Biotechnology,  

sc-365692  

AB_10844002 

Caspase-3 

(5A1E) 

rabbit 

(polyclonal) 

IgG 

(H+L) 

1:50 Cell Signaling, 

9664 

AB_2070042 

pSMAD  rabbit 

(polyclonal) 

IgG 

(H+L) 

1:50 Cell Signaling, 

9511 

AB_331671 

E-cadherin 

(8C2) 

mouse IgG1 1:2 DSHB AB_528117 

https://rrid.site/
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p19 gag 

protein 

(AMV-3C2) 

mouse IgG1 1:5 DSHB AB_528098 

SMA 

(1A4) 

mouse IgG2a 1:400 Dako, 

M0851 

AB_2223500 

Bfabp rabbit 

(polyclonal) 

IgG 

(H+L) 

1:50 kind gift from Dr. Thomas 

Müller 

 

 

Table 6. Biotinylated secondary antibodies used in immunostaining. The name of 

the biotinylated secondary antibodies is indicated with their host species, specificity, 

target, vendor and corresponding catalog numbers and Antibody registry IDs found on 

the RRID Portal. We diluted the biotinylated secondary antibodies 1:200 in PBS-BSA 

prior to use. 

Secondary 

antibody 

Host species Vendor Catalog 

number 

Antibody 

registry ID 

biotinylated 

anti-mouse IgG 

(H+L) 

horse Vector 

Laboratories 

BA-2000 AB_2313581 

biotinylated 

anti-rabbit IgG 

(H+L) 

goat Vector 

Laboratories 

BA-1000 AB_2313606 

biotinylated 

anti-mouse IgM 

(µ chain) 

goat Vector 

Laboratories 

BA-2020 AB_2336183 
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Table 7. Fluorochrome conjugated secondary antibodies used in immunostaining. 

The name of the fluorochrome conjugated secondary antibodies indicated with their 

host species, specificity, target, excitation wavelength of the certain fluorochrome used, 

vendor and Antibody registry IDs found on the RRID Portal. We diluted the 

fluorochrome conjugated secondary antibodies 1:200 in PBS prior to use. 

Species 

reactivity 

and target 

Host species 

and isotype 

Excitation 

wavelength 

Vendor Catalog 

Number 

Antibody 

registry ID 

anti-mouse 

IgG (H+L) 

goat 350 nm Thermo 

Fisher  

A21049 AB_141456 

anti-mouse 

IgG (H+L) 

donkey 488 nm Thermo 

Fisher  

A21202 AB_141607 

anti-mouse 

IgG (H+L) 

donkey 594 nm Thermo 

Fisher  

A21203 AB_2535789 

anti-mouse 

IgG (H+L) 

donkey 647 nm Thermo 

Fisher  

A31571 AB_162542 

anti-mouse 

IgG1 

goat 488 nm Thermo 

Fisher  

A21121 AB_2535764 

anti-mouse 

IgG1 

goat 594 nm Thermo 

Fisher 

A21125 AB_2535767 

anti-mouse 

IgG2a 

goat 488 nm Thermo 

Fisher 

A21131 AB_2535771 

anti-mouse 

IgG2a 

goat 594 nm Thermo 

Fisher 

A21135 AB_2535774 

anti-mouse 

IgG2b 

goat 594 nm Thermo 

Fisher 

A21145 AB_2535781 

anti-rabbit 

IgG (H+L) 

donkey 488 nm Thermo 

Fisher 

A21206  AB_2535792 

anti-mouse 

IgM 

goat 594 nm Thermo 

Fisher 

A21044 AB_2535713 
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3.2.4. Whole-mount immunostaining 

For the whole mount immunostaining procedure distal gut segments were used. 

The samples were fixed in 4% PFA overnight at 4°C. The gut segments were immersed 

in 12-well plates and permeabilized with 0.1% Triton-X PBS overnight at 4°C. The 

primary antibody (β3-tubulin [Tuj1] clone: AA10; Santa Cruz, sc-80016) was diluted in 

1:400 in PBS-BSA containing 1% goat serum. The gut segments were incubated with the 

primary antibody for 2 hours at room temperature, while shaking followed by an 

overnight washing step in PBS. The next day, the samples were incubated for 1 hour at 

room temperature, covered from light with the secondary antibody (goat anti-mouse 

IgG(H+L) AlexaFluor 488; Invitrogen A11001). After a brief washing the images were 

recorded with Nikon SMZ25 fluorescent stereomicroscope and analyzed with the NIS-

Elements software. 

 

3.3. In situ hybridization 

3.3.1. Whole-mount in situ hybridization 

Dissected gastrointestinal tracts were fixed in 4% paraformaldehyde (PFA), 

dehydrated in methanol, and stored at -20 °C until ready for processing (223,224). 

Published chick probes were used: Wnt5a (225), Wnt11 (226), Fzd7 (227), Bmp4 

(228,229). Digoxigenin riboprobe synthesis and whole-mount RNA in situ hybridization 

were performed as described by Acloque (230). 

 

3.3.2. In Situ Hybridization on FFPE sections and on primary cell cultures 

For sections, embryonic gut segments were fixed in 4% PFA at room 

temperature for 1 hour, washed in PBS, gradually dehydrated in ethanol, and embedded 

in paraffin. Sections (10 µm) were cut using a microtome and collected on poly-L-lysine 

coated slides. In situ hybridization was performed following Faure and Nielsen (231,232). 

All sections were hybridized for 18-24 hours. Detection was performed using BM purple, 

according to the manufacturer’s instructions (Roche, 11442074001). Digoxigenin 

riboprobes were prepared as described by Riddle (233). Published chick probes were used 

for FFPE sections and for primary cell cultures: Bmp4 (228,229), BMPRII (234), Fzd7 

(227). 
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3.4. Embryo manipulation techniques and ex vivo experiments 

3.4.1. Collagen gel culture 

In the first step, 700 µl of DMEM (Sigma), 6 µl of 1 N NaOH, and 294 µl of 

collagen (rat tail collagen I, 3.38 mg/ml; BD Biosciences, 354236) were added to an 

Eppendorf tube in the given order while keeping it on ice. 350 µl from this solution was 

measured into a Falcon Center-Well Organ Culture Dish (Corning, 353037) and 

incubated for 5 minutes at room temperature and another 5-10 minutes at 37 °C in a CO2 

incubator until polymerization. The preparations were placed on top of the collagen layer 

and embedded with a second layer. The gut segments were cultured for 24-72 hours. 

 

3.4.2. Intestinal organ culture assay 

Embryonic chicken intestinal segments were collected in PBS containing 

penicillin-streptomycin (PenStrep; Sigma, P0781) under sterile conditions to prepare 

suspended, so-called catenary organ cultures (235,236). The sections were then attached 

to the bottom of sterile, non-toxic silicone-coated Petri dishes by using insect needles to 

suspend them in the surrounding liquid (culture media, DMEM; Gibco, 31966-021) and 

prevent adhesion to the silicone. The cultures were maintained for 2 to 3 days. 

 

3.4.3. Chorioallantoic membrane (CAM) transplantation 

Larger embryonic organs or in vitro recombinant tissues can be cultured for 

extended periods in an environment similar to in vivo conditions with the chorioallantoic 

membrane (CAM) transplantation technique (Figure 4). During the experiments the 

grafts were transferred to a 9-day-old chicken embryo’s CAM and incubated further for 

7-9 days. For embryonic ceca recombination chimeras, previously we cultured the organs 

embedded in collagen gel matrix to ensure the adhesion of tissues. 

 

Figure 4. Schematic representation of CAM technique and 

an implanted hindgut segment sitting on an allantoic vessel 
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3.4.4. Viral overexpression 

Retroviral vectors can be used to create targeted gain-of-function and loss-of-

function mutations in avian embryos. The method involves amplifying a retroviral 

plasmid in E. coli strains, culturing it on embryonic fibroblast cell line DF1, concentrating 

the virus particles by ultracentrifugation, and injecting them into the mesenchyme of a 

specific intestinal segment of early chicken embryos. After being injected into the tissue, 

the virus infects dividing cells. The retrovirus is then incorporated into the genome of the 

newly formed cells. During our experiment, 2-5 µl of BMP4-RCAS retrovirus suspension 

with 0.1% Fast Green solution in PBS was injected into the E6 chicken hindgut 

mesenchyme by using the Narishige brand microinjector, 100 µl Hamilton syringe and 

thin glass capillary. The injected segments were further cultured on an E8 chick 

chorioallantoic membrane (CAM) for 9 days. Avian retroviruses have a specific tropism 

for mesenchymal cells and do not directly target ENCDCs (208). The 3C2 antibody, 

which recognizes the RCAS P19 gag protein (237), indicates successful and extensive 

viral replication in the intestinal wall. 

 

3.4.5. Ceca ablation and recombination chimera 

For ceca ablation experiments, ceca buds were separated from the midgut-

hindgut segment of E6 (HH28) chicken embryonic guts by using Moria Pascheff-Wolff 

Spring scissors (Fine Science Tools, 15371-92). The remaining intestinal segments were 

cultured in catenary dishes. For the recombination experiment, ceca buds were removed 

from both GFP+ and non-GFP chick embryonic guts in the same manner. The ceca buds 

of the non-GFP chick embryo were replaced with ceca isolated from a GFP-chick embryo. 

The proximal-distal and left-right orientations were maintained during recombination. To 

allow the tissues to adhere, ceca and intestine recombinants were embedded in a 3D 

collagen gel matrix. After three days, chimeric guts were removed, and 

immunofluorescence was performed. 

 

3.4.6. Vital dye labeling 

The vital lipophilic dye CellTracker CM-DiI (1,1’-dioctadecyl-3,3,3’,3’-

tetramethylindocarbocyanine perchlorate; Thermo Fisher Scientific, C7000) was 

dissolved in DMSO at a concentration of 1 mg/ml. The concentrated stock of DiI solution 

was diluted 1:100 in 15% sucrose containing PBS as described earlier (238). To study the 
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colonization of ceca-derived or interceca-derived ENCDCs in the hindgut, intestinal 

tracts dissected from E5.5 (HH27) chick embryos were injected with approximately 0.5 

µl DiI into the ceca buds (n=9) and interceca mesenchyme (n=7). CellTracker CM-DiI 

fluorescent dye can easily penetrate cell membranes and is converted into cell membrane-

impermeant reaction products. This dye can be transferred to daughter cells through 

several generations, but not to adjacent cells in the population. Microinjection was 

processed by using Nikon SMZ25 epifluorescence stereomicroscope. DiI-injected guts 

were cultured for 72 hours, fixed in 4% PFA, cryo-embedded in gelatin, and sectioned at 

12 µm. Sections were further processed for N-cadherin immunofluorescence staining. 

 

3.5. Primary cell culture and in vitro experiments 

3.5.1. Cell migration assay 

For ENCDC migration assay, distal midgut without ceca and the cecal region 

was isolated from E6 (HH29) chick embryos and cultured on 20 µg/mL fibronectin coated 

plastic surface with GDNF (10 ng/mL; R&D Systems, Minneapolis, MN, USA, 212-GD-

010; n=12) and GDNF in combination with different recombinant proteins (WNT11: 

500 ng/mL, R&D Systems, 6179-WN; BMP4: 200 ng/mL, R&D Systems, 5020-BP or 

Noggin: 200 ng/mL, R&D Systems, 6997-NG-025) dissolved in DMEM culture medium. 

 

3.5.2. Cell proliferation, EdU labeling 

For cell proliferation, 5-ethynyl-2’-deoxyuridine (EdU) was added to the culture 

medium 2 or 3 hours before 4% PFA fixation. This can be used for direct measurement 

of de novo DNA synthesis or S-phase synthesis of the cell cycle by using click chemistry. 

Click chemistry is a method for covalently coupling of an azide with an alkyne. EdU 

incorporation was detected by using the Click-iT EdU Imaging Kit with Alexa Fluor 488 

(Thermo Fisher Scientific, Click-iT EdU Proliferation Kit for Imaging, C10340) or 647 

azides (C10337). The developed fluorescent signals were examined under fluorescent or 

confocal microscope. 
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3.6. Microscopic images 

Images were recorded with  a Nikon Eclipse E800 brightfield and fluorescence 

microscope and a Zeiss LSM 710 confocal microscope. Whole-mount images were 

recorded by using a Nikon SMZ25 with Prior L200 unit brightfield and fluorescence 

stereomicroscope. Image processing was carried out by using the proprietary software 

from Zeiss or Nikon, namely Zen Blue and NIS-Elements, respectively, and ImageJ.  

 

3.7. RNA-Seq analysis 

Segments from the mid-hindgut of embryonic chicks at day E5 (HH26) were 

collected. The cecal and intercecal regions were dissected (n=3 embryos per group), and 

total RNA was isolated using Trizol reagent according to manufacturer’s guidelines. The 

RNA samples were sent to the Next Generation Sequencing Core Facility at 

Massachusetts General Hospital for mRNA library preparation and high-throughput 

sequencing, employing a 50 base-pair single-end read protocol on the Illumina HiSeq 

2500 platform. Base calling was carried out using the HiSeq Control Software, and raw 

sequencing data were generated via the Illumina bcl2fastq pipeline. Sequence reads were 

aligned to the Gallus gallus reference genome (Galga4) using STAR, a splice-aware 

alignment program (239). Gene-level read counts were obtained using HTSeq (240). 

Transcriptome comparison between ceca and interceca were performed with the R 

package edgeR (241). Differentially expressed genes (DEGs) were identified using a 

Benjamin-Hochberg adjusted P < 0.001 (242). Genes with fewer than 0.3 counts per 

million on average in both groups and with minimal fold change ( 0.5 log) were 

excluded. Analysis of HSCR-related genes was conducted using the gene set from Gui et 

al. (2017) (60). Functional enrichment analysis for biological processes was based on the 

Gene Ontology (GO) database (243) via PANTHER (244). Enriched GO terms were 

summarized with the Revigo tool (245), and heatmaps for selected terms were generated 

using ClustVis (246). Protein-protein interaction (PPI) networks and related signaling 

modules were assembled with NetworkAnalyst 3.0 (247), incorporating data from the 

STRING functional protein association database. Visualization of the interactome with 

overlaid gene ontologies was carried out within the same tool, considering only 

experimentally validated interactions. 
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Previously generated RNA-seq data were obtained from the GEO database 

(accession number: GSE182783) for re-analysis with a focus on the BMP signaling 

network. Differences in transcript expression between ceca and interceca were 

recalculated using edgeR (version 4.2.3) (241), applying a false-discovery rate-adjusted 

P < 0.01 to define significant DEGs. Genes were considered expressed if they reached 

more than 1 read per kilobase per million mapped reads (RPKM) in at least three samples. 

To identify possible signaling hubs in the developing gut, PPI networks built from DEGs 

were visualized in NetworkAnalyst 3.0 (247) using STRING data with a high-confidence 

interaction score cutoff of 800. The top 20 nodes (extended to 23 in cases of tied values) 

ranked by degree (number of connections) on the network topology were considered key 

candidate hubs. BMP signaling pathway members were retrieved from Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database TGF-β signaling pathway 

(hsa04350), substituting corresponding orthologous genes from the Gallus gallus 

genome. 

 

3.8. Statistics 

All statistical analyses were performed using GraphPad Prism version 10.0.2 for 

Windows, GraphPad Software, Boston, MA USA, www.graphpad.com or with R (R Core 

Team). The Shapiro-Wilk normality test was performed first. Based on the distribution 

and number of data points we carried out two-way ANOVA with Tukey’s multiple 

comparisons test or Kruskal-Wallis test with post-hoc Dunn’s test. A p-value <0.05 was 

considered significant. Error bars represent the standard error of mean (SEM) or the 

standard deviation (SD), as indicated in the corresponding figure legend. 

  

http://www.graphpad.com/
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4. Results 

4.1. Avian ceca are required for normal enteric nervous system development 

4.1.1. Characterization of ENCDC migration across the cecal and hindgut regions in 

chick embryo 

The migration of enteric neural crest-derived cells (ENCDCs) across the distal 

intestine of chicks was assessed by using immunofluorescence at embryonic days 5 to 8 

to determine the location of the migratory wavefront. SOX10+ ENCDCs are positioned 

just above the cecal buds at embryonic day 5 (E5) (Figure 5A, inset). The migration 

continued in the next 24 hours as the wavefront passed through the ceca and intercecal 

midgut (Figure 5B), and later reached the proximal hindgut (Figure 5C). The NCADH+ 

wavefront was detected in the mid-hindgut at E7 and had progressed to the distal end by 

E8 (Figure 5E). SOX10 and N-cadherin (NCADH) are both definitive markers for 

migrating neural crest cells; however, we could only employ SOX10 in the ceca due to 

Figure 5. ENS development in the ceca and hindgut under ex vivo 

conditions. Chick intestines were immunostained with N-cadherin (A, D, E) 

and SOX10 (A inset, B, C) antibodies at E5-E8, demonstrating the 

progressive migration of ENCDCs towards the distal region of the hindgut. 

Arrows in A and D indicate the advancing front of migrating cells. Dashed 

lines indicate the boundary between ceca and interceca. SOX10+ ENCDCs 

colonize the cecal area between E5.5 (B) and E6 (C). The dotted horizontal 

line (in C) marks the distalmost cells in the migratory wavefront. 

Arrowheads in I indicate proliferating cells. hg, hindgut; mg, midgut. Scale 

bar in A represent 350 µm in A-C, 500 µm in D-E and 70 µm in the 

inset of E. 

350 µm 500 µm 

7
0

 µ
m
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technological constraints. The utilization of various markers does not affect our findings 

concerning wavefront positions. 

After explantation of isolated E5 gut segments to silicone-coated dishes  

(Figure 6A), they were cultured under organotypic conditions for three days, which led 

to ENCDC colonization within a similar timeframe as previously observed in vivo 

(Figure 6B,C). EdU labeling verified the existence of proliferating ENCDCs at the 

migration's leading edge (Figure 6D).  

 

 

To determine if the proliferation rate differs along the distal intestinal length, 

ENCDC proliferation was measured at multiple points in time by using cross-sections of 

the migratory wavefront and calculating the ratio of undifferentiated ENCDCs 

incorporating EdU (Figure 7A). The undifferentiated wavefront cells can be defined by 

the expression of SOX10 without the presence of HU (ELAVL4) (Figure 7B) or BFABP 

(FABP7) (Figure 7C). Measurements were performed when wavefront cells traveled in 

Figure 6. ENS development in the ceca and hindgut in the 

organotypic culture. Explanted E5 gut (A) has been entirely colonized 

by TUJ1+ ENCDCs after 72 h in culture (wholemount in B; longitudinal 

section in C; arrows mark position of migratory wavefront). N-cadherin+ 

ENCDCs proliferate at the wavefront (boxed area in C is enlarged in D). 

Arrowheads in D indicate proliferating cells. hg, hindgut; mg, midgut. 

Scale bar in A represents 500 µm in A-B, 400 µm in C and 40 µm in D. 

500 µm 400 µm 

4
0

 µ
m
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the distalmost midgut (E5), in cecal region (E6) with separate quantification of ENCDC 

proliferation in the cecal buds and in the intercecal mesenchyme, and in the mid-hindgut 

(E7) and at the time colonization completed (E8). Our results revealed that wavefront 

ENCDCs exhibit maximal proliferation while migrating through the cecal buds at E6 

(Figure 7D). However, when the wavefront is positioned there, it is considerably elevated 

compared to the wavefront at the distal midgut (E5) or hindgut (E7). Although ENCDC 

proliferation was higher in the ceca compared to the intercecal region, the difference did 

not reach statistical significance. In summary, our findings suggest a critical role for 

thececal region in the development of the hindgut ENS. 

4.1.2. Embryonic cecal buds are required for normal ENS development 

Cecal buds were microsurgically excised from E5 intestine shortly ahead of the 

arrival of migrating ENCDCs (Figure 8A,B) and the isolated guts were subsequently 

cultured for three days under organotypic conditions in catenary culture. Staining with 

TUJ1 (TUBB3) and N-cadherin (NCADH, CDH2) revealed that ENCDCs extended 

solely to the proximal hindgut, whereas the remainder of the hindgut remained 

aganglionic (Figure 8C). The distalmost ENCDCs assembled into large aggregates of 

cells with substantially reduced cell proliferation (Figure 8D) compared to control 

(Figure 8D), and this difference was statistically significant (Figure 8G). The ENCDC 

Figure 7. A cross-section of the ceca at embryonic day 6 (E6) (A) reveals SOX10⁺ 

ENCDCs distributed throughout the mesenchyme, lacking expression of both HU (B) and 

BFABP (C), and partially co-localizing with EdU—indicative of proliferating, 

undifferentiated cells, marked with arrowheads in B. Proliferation of the leading ENCDCs 

was assessed at various intestinal positions from E5 to E7 by calculating the proportion 

of SOX10⁺ cells incorporating EdU and those maintaining an undifferentiated 

SOX10⁺/HU⁻/BFABP⁻ phenotype. ep, epithelium; NoR, nerve of Remak. **p<0.01; 

***p<0.001. Scale bar: 70 µm. n=9 guts per stage. 

  100 µm   

70 µm 



 − 43 −  

cells forming these aggregates were clearly differentiated and expressed nNOS (NOS1) 

(Figure 8E), which indicates a subset of terminally differentiated enteric neurons. 

Caspase-3 staining revealed no apoptotic cells among ENCDCs (Figure 8F). These 

results further demonstrate the importance of embryonic ceca in hindgut ENS formation. 

 
Figure 8. Ceca are essential for hindgut ENS colonization. When ceca were microsurgically 

excised from E5 intestines (A; dashed lines indicate the original cecal location), the remaining 

gut was stained with E-cadherin (ECADH) to verify structural integrity (B; dotted lines indicate 

the former cecal position). Asterisk marks the cloaca, the most caudal part of the gut tube (A-C) 

with endoderm-lined chamber visible (B). After 72 hours in organ culture, longitudinal sections 

were immunostained with TUJ1, revealing that ENCDC migration stopped at the proximal 

hindgut (C). This was accompanied by the formation of large N-cadherin–positive (NCADH⁺) 

ENCDC aggregates, which showed minimal proliferation (D; magnified view of boxed region in 

C) and extensive nNOS expression, indicating premature differentiation (E). Consecutive sections 

of ceca-ablated intestines were stained for cleaved caspase-3 to detect apoptosis and NCADH to 

label ENCDCs (F). Following cecal ablation, ENCDC proliferation at the wavefront was 

markedly diminished in comparison to the control (G). n=8. ****p<0.0001. Scale bar in A 

represents 500 μm in A-C, 100 µm in D-E and 60 µm in F. 

Next, we surgically removed the ceca at E6 and replaced them with freshly 

isolated ceca from age-matched green fluorescent protein (GFP)-expressing chick 

embryos (Figure 9A). After 72 hours in culture, GFP-positive cells were observed 

migrating distally into the hindgut (Figure 9B,C). Co-expression of N-cadherin 

(NCADH) in these cells (Figure 9D,E) confirmed that the migrating GFP⁺ cells were 

ENCDCs. Moreover, all NCADH⁺ cells in the hindgut co-expressed GFP (Figure 9E), 

indicating that the hindgut ENS in these chimeric guts was formed exclusively by ceca-

derived ENCDCs. Although ENCDCs were already present in the intercecal mesenchyme 

500 µm 
100 µm 

60 µm 
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at E6 (Figure 1C) and could have served as an alternative source, no contribution from 

the host gut to hindgut ENS formation was detected.  

 

To further validate these findings, we injected a fluorescent lipophilic dye (DiI) 

into the cecal buds at E5.5 (Figure 10A). After 72 hours, DiI-labeled cells were observed 

migrating into the hindgut (Figure 10B,C) and co-expressed NCADH (Figure 10D). 

High-magnification quantification showed that 31% of NCADH⁺ ENCDCs in the hindgut 

contained DiI crystals following cecal injection. In contrast, DiI injection into the 

intercecal region (Figure 10E) resulted in no detectable DiI-labeled cells in the hindgut 

Figure 9. Cecal chimeras demonstrate that the hindgut ENS originates from the ceca-

derived ENCDCs (A,B). Following the ablation of the ceca from E6 chicken intestine, it 

was replaced with new ceca from E6 GFP+ chickens (A, marked with arrow) and the 

recombinants (B) were cultured for additional 72 hours; n=8. GFP+ cells migrate out of the 

ceca distally to colonize the hindgut mesenchyme (C). Co-immunofluorescence with 

NCADH antibody shows that the hindgut ENS develops exclusively from GFP+ ceca-

derived cells (D, boxed area  magnified in E). Scale bar in A represent 350 μm in A-B, 

200 µm in C-D and 50 µm in E. 

350 µm 

200 µm 

 

50 µm 
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(Figure 10F–H), further supporting the exclusive contribution of cecal ENCDCs to 

hindgut colonization.  

  

Figure 10. Hindgut ENCDCs originate from the ceca rather than the intercecal 

area (A,B). Vital lipophilic red fluorescent dye (DiI) was administered into the cecal 

buds at E5.5 (A). After 72 hours in culture (B), DiI+ cells were observed spreading 

throughout the proximal hindgut in wholemount (B, arrowheads). Longitudinal section 

shows DiI cells in the proximal hindgut (C), and a magnified view of the boxed region 

reveals co-expression of NCADH, indicative of ENCDCs (D, arrows). (E-H) 

Conversely, after DiI injection into the intercecal region (E), no DiI-labeled ENCDCs 

were observed in the hindgut (F-H; dashed lines in G indicate the ceca). Scale bar in A 

represents 400 μm in A-B and E-F, 300 µm in C and G, 500 µm in D and H. 
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4.2. Identifying ceca derived factors as new important signaling cues in ENS 

formation of avian hindgut  

4.2.1. Role of WNT-related genes 

The transcriptomes of the cecal and intercecal niches were characterized using 

RNA sequencing (RNA-seq). The ceca and intercecal regions were dissected at E5, just 

prior to ENCDC colonization, to identify region-specific transcriptional differences 

(Figure 11A). E5 was chosen because it is the earliest stage at which the cecal buds can 

be morphologically distinguished and isolated. Importantly, this timing also allowed us 

to focus exclusively on the cecal microenvironment, free of ENCDC contamination, as 

ENCDCs have not yet migrated into the ceca at this stage. 

We identified major differences in gene expression profiles, with 559 

differentially expressed genes (DEGs) upregulated and 894 DEGs downregulated in the 

ceca compared to the interceca. HSCR-related genes (60,248) were substantially 

represented in the data set, with 51 out of 96 examined genes showing differential 

expression (FDR<0.05) between the ceca and intercecal regions (Figure 11B). These 

comprised an increased expression of RET in the interceca and GDNF and EDN3 in the 

ceca, as previously described (176). Upregulated DEGs in the ceca were linked to 

biological processes related to nervous system formation, cell migration, and digestive 

tract development, indicating that the ceca possess a molecular signature that facilitates 

ENCDC colonization.  

We performed a topological analysis of protein–protein interaction (PPI) 

networks derived from RNA-seq data to identify key cecal factors influencing ENCDC 

migration. This approach enables the identification of central regulatory proteins − so-

called hub proteins − based on their degree of connectivity within the network. By ranking 

proteins according to the number of predicted interactions, we generated a list of 

candidate hub proteins with the highest connectivity. Wnt signaling emerged as a 

prominent regulatory module. Components of this pathway − both ligands and receptors − 

overlapped extensively with biological processes such as neurogenesis and cell migration, 

both of which were highly represented in the PPI network. These findings suggest that 

Wnt signaling may play a critical role in regulating ENCDC behavior within the ceca. 

Specifically, we identified upregulation of several key Wnt ligands, including WNT11, 

WNT2B, and WNT5A, along with receptors FZD4 and FZD10, in the ceca. In contrast, 
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the related receptor FZD7, as well as non-canonical Wnt/planar cell polarity (PCP) 

pathway co-receptors RYK and PRICKLE1, were more prominently expressed in the 

intercecal region (Figure 11C,E). 

To further evaluate signaling pathways, we quantified the expression of 

receptors, intracellular mediators, and other pathway components in both regions using 

reads per kilobase per million (RPKM) values. Interestingly, BMP4 was upregulated 1.8-

fold in the ceca and ranked as the top-expressed secreted protein, highlighting its potential 

as a major paracrine signaling factor for ENCDCs. Receptors for BMP4, including 

ACVR1, ACVR2A, and BMPRII, were expressed in both the cecal and intercecal regions 

(Figure 11D,F). In summary, these transcriptomic data suggest that the embryonic 

ceca—and specifically, WNT and BMP signaling within them—may function as critical 

signaling centers in the developing gut, enabling proper ENS formation in the hindgut. 
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4.2.1.1. Validation of Wnt pathway genes expression in the ceca 

Cecal region of 5-day-old (E5) chick embryo showed robust expression of 

Wnt5a and Wnt11 (Figure 12A-C). Conversely, despite its presence in the gut epithelium 

at this stage, Fzd7 was not expressed in E5 ceca (Figure 12D,E). Later, at E6 Fzd7 

mesenchymal expression appeared throughout both the cecal and intercecal region 

(Figure 12F). The expression of Fzd7 in ENCDCs was validated ex vivo by culturing E6 

ceca with GDNF to stimulate the migration of ENCDCs from the explants and co-

immunostaining them with HNK-1 antibody. It seems that only a fraction of HNK1+ 

ENCDCs express Fzd7, indicating that the ENCDCs compose a heterogeneous group 

with varying Fzd7 expression (Figure 12G,H).  

 

 

 

 

 Figure 11. Transcriptional profile 

 of E5 chicken embryonic ceca and 

 interceca (A) Total RNA was extracted 

 and RNA-seq performed to profile 

 respective transcriptomes. Differentially 

 expressed genes (DEGs) were 

 compared between the two regions and 

 analyzed for over-representation 

 analysis of biological processes by using 

 the Gene Ontology (GO) database, as 

 well as for protein-protein interaction 

 (PPI) networks. (B) A PPI network 

 comprising DEGs that are upregulated 

 (red) and downregulated (green) in the 

 ceca compared to the interceca was 

 constructed. (C-D) Analysis of PPIs 

 revealed a significant module linked to 

 Wnt (C) and BMP (D) ligands and 

receptors, which were either upregulated (red) or downregulated (green) in the ceca relative 

to the interceca. (E-F) Hierarchical clustered heatmaps illustrate the identified DEGs linked 

to Wnt (E) and BMP (F) signaling, displaying Z-scores of RPKM values from cecal and 

intercecal areas. The expression and function of the major signaling molecules denoted by 

arrows were subsequently validated. experimentally. The samples of ceca and interceca sent 

for bulk RNA-seq are biological replicates (n=3 for each). 
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4.2.1.2. WNT11 inhibits neuronal differentiation 

To further investigate the influence of non-canonical Wnt signaling on ENCDCs 

during their migration through the cecal domain, E6 ceca were excised and grown on a 

fibronectin-coated surface in the presence of recombinant GDNF and/or Wnt11 protein. 

GDNF promoted ENCDC migration to the fibronectin-coated surface within 24 hours 

which expanded further by 48 hours (Figure 13A). The majority of these ENCDCs 

expressed the neuronal differentiation marker TUJ1 (Figure 13B). This assay offers a 

framework for assessing the direct impact of signaling elements on the ENCDCs 

independently of their mesenchymal environment. Upon the removal of GDNF from the 

culture medium after 24 hours, further migration over the following 24 hours was 

Figure 12. Wnt pathway genes are expressed in the ceca and migrating 

ENCDCs. (A) Whole-mount in situ hybridization (ISH) of E5 distal intestine shows 

Wnt5a expressed in the midgut, ceca and cloaca. (B,C) Wnt11 is specifically 

expressed in the E5 ceca as demonstrated by whole-mount ISH (B) and in a 

longitudinal section double-stained with E-cadherin to mark the epithelium (C). (D-

F) At E5, Fzd7 is expressed throughout the gut epithelium, apart from the cecal buds 

(D,E) and at E6, Fzd7 is also expressed in the ceca and hindgut mesenchyme (F). 

(G,H) Explanted E6 chick ceca was cultured in presence of GDNF, which promotes 

ENCDC migration from the gut. Insets show an enlarged view of Fzd7-expressing 

ENCDCs. Scale bar in A represents 400 μm in A, B and D; 200 μm in C; 140 μm in 

E, F; 70 μm in G, H and insets. 
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restricted, resulting in cell aggregation into substantial ganglion-like clusters exhibiting 

aberrant network topology (Figure 13C-E). In contrast, with the addition of WNT11 to 

the medium following GDNF, withdrawal at 24 hours reinstated migration and prevented 

aberrant cell aggregation (Figure 13F). Notably, in contrast to GDNF treatment alone, 

WNT11-treated cultures presented far more undifferentiated ENCDCs (Figure 13G). 

Moreover, WNT11 alone did not promote the migration of ENCDCs from the ceca (data 

not shown). To assess the role of WNT11 in neuronal differentiation, we quantified the 

proportion of HNK1⁺ ENCDCs co-expressing TUJ1 in GDNF-treated cultures, with or 

without the addition of WNT11 protein. The presence of WNT11 significantly reduced 

the percentage of ENCDCs undergoing enteric neuronal differentiation (Figure 13H). 
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We examined the effect of WNT11 on ENCDC proliferation with the same in 

vitro assay. Incorporation of EdU (Figure 14B) was used to quantify cell proliferation. 

The presence of GDNF enhanced ENCDC proliferation, but adding WNT11 markedly 

reduced (Figure 14D). The proliferation rate was also quantified in ex vivo cultured E6 

intestines. Supplementation of culture media with WNT11 recombinant protein 

significantly (p<0.001) reduced the number of NCADH+/EdU+ cells (from 25.59.1% to 

16.86.1%). 

 Figure 13. WNT11 suppresses enteric neuronal 

 differentiation. (A–D) E6 ceca were cultured on 

 fibronectin-coated plates with GDNF for 24 hours (A) 

 or 48 hours (C), followed by immunostaining with 

 HNK1 and TUJ1 antibodies (B, D) to assess ENCDC 

 migration distance and neuronal differentiation. The 

 inset in (D) shows a magnified view of differentiated 

 neurons. (E–I) In subsequent experiments, GDNF was 

withdrawn after the first 24 hours, and cultures were maintained for an additional 24 hours 

either without further treatment (E, G) or with the addition of WNT11 protein (H, I). The inset 

in (I) highlights undifferentiated ENCDCs. (J–L) E6 ceca cultured with WNT11 protein alone 

for 24 hours (J) or 48 hours (K, L) showed no ENCDC migration. (M) The presence of 

WNT11 significantly inhibited neuronal differentiation of ENCDCs. n=7-10 cell 

cultures/experiment. ***p<0.001, ****p<0.0001. ns, not significant. 

 

Figure 14. Wnt11 inhibits 

ENCDC proliferation. E6 ceca 

and midgut were cultured on 

fibronectin-coated plates in the 

presence of GDNF to promote 

ENCDC migration away from the 

guts. Addition of EdU to the 

cultures allowed quantitative 

comparison of the rate of ENCDC 

proliferation in the three different 

culture conditions tested. 

***p<0.001; ****p<0.0001. Scale 

bar represents 35 µm. 5 different 

fields were quantified for each gut 

segments and n=4-5 segments 

were used for each condition. 

35 µm 
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We investigated whether nNOS-expressing neurons were present in hindgut 

explants to assess the effect of WNT11 on enteric neuronal differentiation in the intact 

gut. In the ENS, nNOS marks a specific subset of terminally differentiated neurons, 

whereas TUJ1 and HU are general markers of early neuronal identity. E6 chick intestines, 

including the ceca and hindgut, were cultured for three days with or without WNT11 

protein. Under control conditions, ENCDCs successfully colonized the hindgut, and 

nNOS⁺ neurons were detected at the distal end (Figure 15A–B’). While WNT11 did not 

interfere with ENCDC migration (Figure 15C), it inhibited neuronal differentiation, as 

indicated by the absence of nNOS-expressing neurons in the distal hindgut 

(Figure 15D-D’). This was further confirmed by measuring the distance between the 

most distal NCADH⁺ cell and the nearest nNOS⁺ neuron. These findings indicate that 

WNT11 delays the neuronal differentiation of ENCDCs without affecting their migration. 

 

Figure 15. WNT11 suppresses neuronal differentiation in the hindgut ENS. (A) 

Following a 3-day culture of E6 chick gut, the hindgut ENS is completely populated by 

N-cadherin+ ENCDCs. The boxed regions in (A) are enlarged in (B, B’), where cells 

exhibiting dual immunoreactivity for N-cadherin and nNOS are distributed throughout the 

hindgut. Upon the addition of WNT11 protein to the culture, N-cadherin+ cells continue to 

populate the whole hindgut (C), whereas on the enlarged areas nNOS immunoreactivity is 

observed solely at the proximal end (D, D’). The distance from the furthest NCADH+ cell at 

the wavefront to the furthest nNOS+ cell was measured, demonstrating that WNT11 

postpones neuronal differentiation. n=9. ***P<0.001. 
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4.2.2. The role of BMP4 in hindgut ENS development 

4.2.2.1. Expression of BMP4 signaling components implies a contribution to hindgut 

ENS development. 

The expression of BMP4 has been previously reported in the gastrointestinal 

tract of various vertebrates (203,205,209,228,249); however, its role during avian hindgut 

development and ENS formation has remained unclear. To investigate the spatial 

distribution of BMP4 in the developing colorectum, whole-mount in situ hybridization 

was performed shortly after ENCDCs colonized the post-umbilical midgut at embryonic 

day 5 (E5) (Figure 16A,B) and the ceca at E6 (Figure 16C). Undifferentiated ENCDCs 

were identified by the expression of markers such as p75 (nerve growth factor receptor), 

SOX10 (indicative of ENCDCs and enteric glia), N-cadherin (CDH2), and HNK1. At E5, 

BMP4 expression was restricted to the cecal mesenchyme (Figure 16B), while expression 

Figure 16. Expression of BMP4 during hindgut development. In situ hybridization of the 

wholemount tissues and sections of an E5 gut shows BMP4 expression primarily in the ceca 

(A,B). From E6 through E14, BMP4 is expressed in the inner mesenchyme, but not by p75+ 

ENCDCs. a, aorta; ep, epithelium; hg, hindgut; lp, lamina propria; mes, mesonephros; mg, 

midgut; mp, myenteric plexus; NoR, nerve of Remak; nt, neural tube; not, notochord; smp, 

submucosal plexus. 
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in the hindgut mesenchyme emerged only at E6 (Figure 16D). Transverse sections 

showed BMP4 transcripts localized specifically within the mesenchyme, adjacent to the 

hindgut epithelium (Figure 16D,E). In contrast, BMP4 was absent from the midgut 

mesenchyme at both E5 and E6 (Figure 16A,C). By E14, BMP4 expression became 

confined to the prospective lamina propria, without co-localization with p75⁺ ENCDCs 

(183) or SMA⁺ smooth muscle cells in the intestine (Figure 16F). 

The expression of BMPR2 was examined using in situ hybridization at multiple 

developmental stages (Figure 17A,B). Since BMPR2 alone does not bind BMP2, BMP4, 

or BMP7 with high affinity unless co-expressed with a type I BMP receptor, we verified 

functional BMP signaling at the same stages using an antibody that recognizes the 

phosphorylated (active) form of SMAD1, 5, and 8 (Figure 17C,D). At E6, the nerve of 

Remak also showed positive BMPR2 expression (Figure 17A,B). Co-expression of 

BMPR2 mRNA and the p75 protein in ENCDCs of the E8 hindgut was demonstrated by 

Figure 17. Expression of BMPRII and phospho-SMADs during hindgut development. 

In situ hybridization of an E6 gut shows BMPRII expression concentrated in p75+ ENCDCs 

(A-D). In addition, functional BMP activity was confirmed at the same stages with an anti-

pSMAD antibody (E-I), recognizing the active, phosphorylated form of Smad 1,5 and 8 in the 

ceca mesenchyme (arrowheads in E) with subsequent expression in NCADH+ nerve of Remak 

(H), enteric ganglia (H,I), inner layer of the muscularis propria, and subepithelial mesenchyme 

(H). Interestingly, pSMAD expression is not present in the NCADH+ wavefront of ENCDCs 

(G). ep, epithelium; hg, hindgut; mg, midgut; NoR, nerve of Remak; smp, submucosal plexus. 
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double labeling (Figure 17C,D). To further confirm active BMP signaling in ENCDCs, 

immunostaining for phosphorylated SMAD (pSMAD) and N-cadherin was performed on 

longitudinal sections of the E6 hindgut. pSMAD protein was detected in the cecal 

mesenchyme at E6 (Figure 17E). Interestingly, pSMAD expression was absent in N-

cadherin⁺ ENCDCs at the migratory wavefront (Figure 17E,G). However, by E8, when 

the wavefront had reached the distal hindgut, enteric ganglia began to express pSMADs, 

indicating activation of BMP signaling at later stages of ENS development (Figure 17I). 

The expression of BMPR2 and pSMAD was also confirmed in ex vivo cultures 

of E6 chick midguts, were GDNF (10 ng/mL) was added for 24h, leading to migration of 

ENCDCs onto the fibronectin-coated surface. BMPRII was broadly expressed by the 

ENCDCs (Figure 18A-C), whereas pSMAD immunoreactivity was heterogeneous 

(Figure 18D-F), confirming that ENCDCs possess the ability to respond to BMP 

signaling.  

 

  

Figure 18. Explanted E6 chick midgut was cultured with GDNF, which promotes 

significant ENCDC migration from the intestinal tissue. Both BMPRII (A,C) and 

pSMAD (D,F) are highly expressed by the migratory HNK1+ ENCDCs.  
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4.2.2.2. Blocking of BMP4 signaling results in hindgut hypoganglionosis 

Based on our findings that the E6 cecal mesenchyme expresses BMP4, while the 

hindgut at this stage lacks both ENCDCs and BMP4 expression, we hypothesized that 

cecal BMP4 is essential for proper hindgut colonization. To test this, E6 intestines were 

cultured in a catenary setup for 2 days in the presence or absence of recombinant BMP4 

or Noggin proteins (Figure 19A–C). Tuj1 antibody was used to label neurons, and 

SOX10 to identify all enteric neural crest-derived cells (ENCDCs) and early enteric glial 

cells (183). Culturing E6 intestines in control DMEM medium (no supplement) resulted 

in complete colonization of the hindgut. Tuj1⁺ neurons were detected in both enteric 

plexuses throughout the entire length of the hindgut (Figure 19A). In contrast, BMP4-

treated gut segments showed Tuj1+ neurons clustered in large aggregates, suggesting that 

BMP4 promotes hyperganglionosis and accelerates early ganglion formation 

(Figure 19B). Noggin treatment led to the formation of smaller ganglia (Figure 19C). 

 

Figure 19. BMP4 signaling is required for hindgut colonization. E6 chick gut was cultured in 

the catenary culture for 2 days in the absence of additives (A) with BMP4 protein (B), or with 

Noggin protein (C), and their longitudinal sections are shown. Arrowheads indicate wavefront 

cells. Addition of BMP4 induced large ganglion formation in the hindgut (see (B) and inset in 

(B)), whereas inhibition of BMP4 signaling with Noggin led to small ganglia formation (C). Cells 

in the ganglion expressed neuronal markers Tuj1 and SOX10, which label ENCDCs and enteric 

glial cells (B). Scale bar represents 350 µm.  
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To determine whether BMP4 promotes glial differentiation in addition to 

premature ganglion formation, double immunofluorescence staining was performed using 

the enteric neuron-specific anti-HU antibody (ELAV-like protein 4) and the enteric glia-

specific anti-BFABP antibody (brain fatty acid binding protein; FABP7). After a two-day 

culture of E6 intestines without additives, BFABP⁺ cells were detected dispersed 

throughout the nerve of Remak and enteric plexuses. Consistent with the presence of 

hyperganglionosis, BFABP+ glial cells were distributed throughout the intestine in large 

ganglia (Figure 14B). This finding supports the conclusion that BMP4 promotes enteric 

glial differentiation, as most cells in the nerve of Remak expressed BFABP, aligning with 

previous reports on the role of BMPs in glial fate determination (211). In contrast, 

Noggin-treated explants exhibited hindgut hypoganglionosis, characterized by a reduced 

number of Tuj1+ neurons (Figure 19C). Additionally, Remak cells in these cultures did 

not express BFABP, suggesting that BMP inhibition suppresses glial differentiation. 

Quantification of enteric ganglion size and hindgut colonization length under 

different treatment conditions revealed statistically significant differences 

(Figure 20A-C). Notably, Noggin treatment accelerated ENCDC colonization of the 

hindgut (Figure 20A). Ganglion size differed significantly between control and BMP4-

treated intestines (p < 0.01), and even more so between BMP4- and Noggin-treated 

samples (p < 0.001). However, no significant difference in ganglion diameter was found 

between control and Noggin-treated intestines (Figure 20B). The opposing effects of 

BMP4 and Noggin on ganglion formation may reflect differences in ENCDC 

proliferation. To investigate this, we assessed proliferation by quantifying EdU 

Figure 20. Transverse sections of the catenary cultured guts through the mid-hindgut 

were used for quantification. The length of colonized hindgut segment (A) from the ceca 

by SOX10+ ENCDCs and enteric glial cells and the average diameter of the SOX10+/Tuj1+ 

enteric ganglia (B) and ENCDC proliferation (C) were compared among treatment groups. 

Kruskal-Wallis with Dunn’s multiple comparison test was used for statistical analysis. For 

migration n=7 guts were measured, for ganglion size measurement and proliferation 3 

different areas were quantified / treatment group. *** p < 0.001, ** p < 0.01, * p < 0.05. 
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incorporation in SOX10⁺ cells exposed to BMP4 or Noggin. In control cultures, EdU⁺ 

cells constituted 20.9% of SOX10⁺ cells, primarily in the mesenchyme (Figure 20C). 

Both treatments showed a trend toward reduced ENCDC proliferation, suggesting that a 

delicate balance and spatial regulation of BMP signaling is essential for normal ENCDC 

proliferation and ENS development. To assess macroscopic gut features, we measured 

hindgut length (from the ileocecal junction to the distal end) and hindgut diameter (in the 

mid-region) in each group (n = 12). The average length of BMP4-treated hindguts 

(877.3 µm ± 80.23 µm) was significantly shorter (p < 0.001) compared to both the control 

(1240 µm ± 100.8 µm) and Noggin-treated (1344 µm ± 81.29 µm) groups. However, no 

significant differences were observed in hindgut diameter among the groups (data not 

shown). 

 

4.2.2.3. The overexpression of BMP4 via retrovirus leads to extensive gangliogenesis 

Using a replication-competent retrovirus (RCAS), which expressed the chicken 

BMP4, we further dissected the effect of BMP signaling on the hindgut ENS development 

(Figure 21). The RCAS virus was administered into the E6 chicken hindgut mesenchyme. 

Subsequently, the gut segments were cultured on an E8 chick chorioallantoic membrane 

(CAM) for a duration of 9 days (Figure 21A). Avian retroviruses replicate particularly in 

the mesenchymal cells, and they do not affect ENCDCs (205,208). The 3C2 antibody 

targeting the RCAS P19 gag protein demonstrated effective and widespread viral 

replication within the intestinal wall (Figure 21F,G). BMP4 overexpression resulted in 

considerable enteric hypoganglionosis, characterized by extensive and disordered ganglia 

within the gut wall, coupled with the absence of the characteristic organization into 

myenteric and submucosal plexuses (Figure 21H,I). The architecture of the smooth 

muscle was similarly disrupted (Figure 21J), exhibiting no distinct differentiation into 

the three muscle layers (muscularis mucosae, circular muscle, longitudinal muscle) 

typically observed (Figure 21E). 
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Figure 21. Overexpression of BMP4 via retroviral transduction promotes enteric 

gangliogenesis in vivo. To examine the effects of BMP4 on hindgut enteric nervous system (ENS) 

development in vivo, a replication-competent retrovirus (RCAS) encoding the chicken BMP4 

gene was injected into the hindgut mesenchyme of E6 chick embryos, followed by culture on the 

chorioallantoic membrane (CAM) for 9 days (A). Viral infection and replication were confirmed 

by immunostaining with the 3C2 antibody, which detects the RCAS p19 gag protein, revealing 

widespread viral expression throughout the intestinal wall in RCAS-BMP4-treated samples 

(F, G) compared to controls (B). RCAS-BMP4 treatment induced marked enteric 

hyperganglionosis, as evidenced by large, disorganized ganglia spread throughout the gut wall (I 

vs. D), and a loss of the distinct organization of myenteric and submucosal plexuses typically 

observed in control intestines (H vs. C). Additionally, the morphology of the smooth muscle 

layers was disrupted in RCAS-BMP4-infected guts (J vs. E), further supporting a broad impact 

of BMP4 overexpression on gut structure and ENS organization. The scale bar is on the figure: 

250 μm (B,C,E,J), 80 μm (D), 560 μm (F), 280 μm (G,H), 140 μm (I). ep, epithelium; mp, 

myenteric plexus; smp, submucosal plexus. 

 

4.2.2.4. GDNF suppresses the aggregation of ENCDC induced by BMP4. 

In congenital neurointestinal pathogenesis the role of GDNF signaling is well 

known. Just prior to the arrival of the ENCDCs to the midgut-hindgut boundary, just like 

BMP4, its expression is spatially and temporally limited to the cecal region. To test 

whether these factors have a combined effect on ENCDCs during their journey through 

the ceca, we explanted E6 ceca and cultured with BMP4 in the absence (Figure 22) or 

presence of GDNF (Figure 23). ENCDCs demonstrated substantial migration from cecal 

explants after 48 hours of culture in response to GDNF. A significant proportion of 

ENCDCs presented the neuronal marker Tuj1 (Figure 22E). Upon the removal of GDNF 

from the culture media during the initial 24 hours and its substitution with a culture media 
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devoid of additives, cell migration during the subsequent 24 hours was markedly 

diminished (Figure 22B,I). Furthermore, ENCDCs joined into an organized network of 

interlinked ganglia (Figure 22F). Upon substituting GDNF containing media after 

24 hours with either an additional BMP4 (Figure 22C,G) or Noggin (Figures 23D,H) 

containing ones for an additional 24-hour duration, significant alterations were noted. The 

BMP4 treatment produced substantial ENCDC aggregates exhibiting significant Tuj1 

expression (Figure 22G,K) and drastically lowered ENCDC proliferation (Figure 22J). 

Noggin inhibited normal ganglion formation and interfered with the establishment of 

interganglionic connections (Figure 22D,H). On the migration and proliferation of 

ENCDCs (Figure 22I) (Figure 22J) Noggin had no substantial effect but significantly 

reduced the rate of neuronal differentiation (Figure 22H,K).  

  

 Figure 22. BMP4 induces 

 in vitro gangliogenesis. E6 

 ceca were cultured on 

 fibronectin-coated surface 

 with 10 ng/ml GDNF for 48 

 hours (A) or after 24 hours 

the GDNF was removed and followed by 24 hours with either no added factors (B) or 

additional 200 ng/ml BMP4 (C) and 200 ng/ml Noggin (D) recombinant protein. There 

is no difference in percentage of Tuj1+/HNK1+ cells between 48h-GDNF or 

24h-GDNF + 24h-no-additive groups. Excess of BMP4 not induced significant 

neuronal differentiation of ENCDCs, but initiated their aggregation. In contrast, the 

presence of Noggin markedly reduced the neuronal differentiation and inhibited the 

aggregation. All scale bars represent 200 µm. n = 7-10 cell cultures/experiment. 

Kruskal-Wallis with Dunn’s multiple comparison test was used for statistical analysis. 

*** p < 0.001, ** p < 0.01,* p < 0.05. 
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Ultimately, we assessed the effect of BMP4 treatment in combination with GDNF 

on cecal explants (Figure 23). When both BMP4 and GDNF were present in the culture 

medium, no cell aggregates form (Figure 23B, D). These findings suggest that BMP4 

directly reduces ENCDC proliferation and promotes their aggregation into ganglia. 

However, this effect is counteracted by GDNF in the cecal mesenchyme, which prevents 

premature ganglion formation and allows the ENCDC wavefront to migrate into the 

hindgut. 

  

Figure 23. The co-administration of GDNF and BMP4 blocks the 

ganglion-inducing effect of BMP4. E6 ceca were cultured on fibronectin-

coated surface with GDNF for 24 hours (A) or GDNF+BMP4 (B) for 24 hours. 

Cell cultures were immunostained with HNK1 and Tuj1 antibodies (A’,B’) to 

evaluate ganglion formation. The migration of ENCDCs from E6 ceca mediated 

by GDNF was substantial at 24 hours, as evidenced by the distance of cell 

migration depicted (A). No marking difference was observed between the 

GDNF and GDNF+BMP4 treated groups; however, the concurrent 

administration of GDNF and BMP4 impeded the aggregation of Tuj1+/HNK1+ 

cells. All-scale bars represent 200 µm. 
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5. Discussion 

Over the past few decades, extensive data have been generated on the 

morphology and function of the ENS, but relatively little is known about the embryonic 

development and etiology of congenital neurointestinal diseases. Among the 

developmental disorders affecting the ENS, intestinal neuronal dysplasia associated with 

hypoganglionosis or hyperganglionosis and HSCR with aganglionosis are the most 

common congenital disorders. The only current treatment option for HSCR is the surgical 

resection of the gut segment. There is an emerging need from clinicians to develop a novel 

stem cell transplantation-based treatment as an alternative therapy in the future. Our 

results on enteric neural crest-derived cells (ENCDCs) could contribute to the better 

understanding of the normal and pathological ENS development, ultimately supporting 

the ENCDC propagation and preparation for transplantation to reinnervate the 

aganglionic segment. 

The avian ceca are a pair of blind-ended sacs that emerge at the junction of the 

ileum and colon. They exhibit a wide range of morphological types across bird species – 

from nearly absent structures to small lymphoid or large glandular forms (250). In adult 

birds, the ceca serve various physiological functions, including fermentation, water and 

electrolyte absorption, digestion and immune defense. These roles highly depend on the 

species and on cecal morphology. In herbivorous birds that consume fiber-rich plant 

material, the ceca contain a microbiome that helps in fiber breakdown through anaerobic 

fermentation, producing ammonia and volatile fatty acids (251,252). Water balance is 

another critical function, as sodium and water are extensively reabsorbed in the ceca 

(253,254). Additionally, many species possess a cecal tonsil composed of organized 

lymphoid tissue, indicating an important role in mucosal immunity. This region contains 

myeloid cells, T-, and B lymphocytes, plasma cells producing immunoglobulins (IgA, 

IgY and IgM) and germinal centers (255,256). The ceca also function as a microbial “safe 

compartment”, maintaining beneficial bacteria that can re-colonize the gut following 

illnesses such as diarrhea (257,258). Interestingly, there is a strong correlation between 

the relative length of the cecum and colon across bird species (259); however, no 

definitive evolutionary or developmental explanation has yet been established for this 

relationship. 
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Besides all the earlier known functions of ceca described in the adult animals, 

we have described another important function of the ceca in the development of the 

hindgut ENS, along with the finding that hindgut ENCDCs originate exclusively from the 

cecal buds, rather than the intercecal region. Our findings indicate that the typical caudal 

migration of vagal crest-derived ENCDCs does not only advance as a wave through the 

midgut-hindgut junction. Cells migrating into the mesenchyme between the paired ceca 

are blocked, whereas those entering the cecal buds undergo proliferation and continue 

their caudal migration. Moreover, ENCDC proliferation at the migratory wavefront peaks 

when the wavefront is located in the cecal buds. Although previous studies have shown 

increased ENCDC proliferation at the migration wavefront (260,261), our findings 

demonstrate that this proliferation specifically increased in the cecal buds, suggesting that 

migrating cells receive localized mitogenic signals in this region to optimize their 

numbers for effective hindgut colonization. 

 

5.1. Ceca-specific non-canonical WNT11 signaling balances ENCDC migration and 

differentiation in the developing hindgut 

HSCR arises from inadequate colonization of the distal intestine by migrating 

ENCDCs. In over 90% of cases, aganglionosis is restricted to the distal colorectum, 

suggesting that this terminal segment of the gut presents unique developmental challenges 

for the ENS. Emerging evidence indicates that abnormalities at the cecal region may by 

responsible for the pathogenesis of HSCR. Our avian embryo-manipulation results show 

that surgical removal of the cecal buds prior to ENCDC arrival disrupts cell migration 

into the proximal hindgut, leaving the distal segment aganglionic. Rather than simply 

stopping, ENCDCs aggregate into large clusters of TUJ1+/nNOS+ differentiated neurons. 

This observation suggests that signals normally present in the ceca inhibit premature 

neuronal differentiation, thereby preserving ENCDCs in a progenitor state to support 

continues migration into the distal colorectum. 

Motivated by these findings, we performed comparative transcriptomic analysis 

of the cecal buds, and the intercecal mesenchymal region at the critical time of wavefront 

arrival. This revealed significant differences in gene expression, including the activation 

of genes related to ENCDC migration and neurogenesis in the cecal buds. Notably, Gdnf 

was highly expressed in the ceca, while gene encoding its cognate receptor Ret was 



 − 64 −  

upregulated in the intercecal region. We also observed increased expression of genes 

encoding non-canonical Wnt signaling molecules, particularly Wnt11 and Wnt5a, in the 

ceca mesenchyme. These findings support the hypothesis that non-canonical WNT11 

growth factor, besides known morphogens such as GDNF and EDN3 (88,176), functions 

to delay neuronal differentiation and maintain a pool of migratory progenitors for hindgut 

colonization. 

Members of the Wnt protein family are known to play diverse roles in neural 

crest biology, including migration, proliferation, differentiation, and survival (262), and 

are essential regulators of gut development (263,264). Canonical Wnt/β-catenin signaling 

is critical for neural crest induction, while non-canonical Wnt signaling, which is 

β-catenin dependent, controls neural crest migration by promoting lamellipodia and 

filopodia formation necessary for delamination and directed cell movement (265–268). 

WNT11, acting through its transmembrane FZD7 receptor, is essential for early neural 

crest migration – its inhibition disrupts this process, while intracellular activation of non-

canonical Wnt signaling can rescue the phenotype (269). Downstream effectors such as 

ROCK1/2 kinases (270), particularly ROCK2 (271), play a key role in mediating 

WNT11-induced migratory behavior by regulating cell shape and motility through the 

RhoA-ROCK pathway (272). 

Although WNT11 is not directly chemoattractive to ENCDCs, it supports their 

responsiveness to the pro-migratory effects of GDNF. WNT11 is also required for 

maintaining Gdnf expression in the kidney (273,274), essential for uretric branching. 

Moreover, Wnt11 transcription itself stimulated by GDNF-RET signaling (275), 

suggesting a potential positive feedback loop between WNT11 and GDNF that could also 

be present in the ceca. Wnt signaling is similarly implicated in EDNRB-mediated 

regulation of melanocyte stem cell proliferation and differentiation (276), indicating a 

complex interaction between Wnt, GDNF/RET, and EDN3/EDNRB pathways during 

ENS development. 

Surprisingly, we found that WNT11 exerts an anti-mitogenic effect on ENCDCs, 

despite the high proliferation rates observed in the ceca where WNT11 is expressed. This 

seeming contradiction suggests a fine balance between WNT11-mediated suppression of 

premature ENCDC differentiation and the proliferative effects of GDNF and EDN3, 

which together synergistically maintain an optimal progenitor pool for successful 
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colonization of the distal gut. Further molecular and in vitro studies are needed to clarify 

how these signaling pathways act in complex and are coordinated during ENS 

development.  

 

5.2. BMP4 promotes enteric gangliogenesis following GDNF dependent ENCDC 

migration in the ceca 

We also observed a notable increase in the BMP signaling pathway components 

in the cecal transcriptome, particularly the BMP4. A multitude of data substantiates the 

concept that BMP4 – akin to GDNF and EDN3, produced by cecal mesenchymal cells –

plays a critical role in the development of the hindgut ENS. Nevertheless, investigations 

utilizing diverse in vivo and in vitro experiments across multiple model organisms have 

yielded inconsistent findings regarding BMP4’s exact function (201–203,209,249,277). 

BMP4 and its receptors (BMPRI, BMPRII) have been documented during both 

mammalian (202,209) and avian (203,205) ENS development. Previous results suggest 

that BMP signaling components are expressed throughout the mesenchyme of the 

developing chicken gut, with the exception of the stomach and hindgut (228,234). More 

recent data show that BMP2, BMP4, and BMP7 are symmetrically expressed in the E12 

chicken midgut and mesentery (204). 

Moreover, BMP signaling has also been implicated in regulating intestinal villus 

morphogenesis, smooth muscle differentiation, and gut looping (204,278,279). During 

ENS formation, BMP components guide ENCDC migration (203,205,209) and their 

differentiation into neurons and glial cells (202,213), partly by regulating gene expression 

patterns essential for enteric ganglia formation and organization. For instance, Smad-

interacting protein 1 (SIP1 or ZEB2) – a negative regulator of BMP4 signaling (215)  – 

is involved in neural crest specification, migration, and differentiation (216) and 

mutations in ZEB2 are associated with HSCR (164,217,218). 

Although involvement of the BMP4 in ENS development is well-established, its 

specific role in hindgut colonization has remained unclear. To investigate this question, 

we used RCAS retrovirus-mediated overexpression of BMP4 in the pre-colonized hindgut 

mesenchyme, subsequently cultured on CAM surface. This resulted in ectopic and robust 

enteric ganglia formation. These findings agree with previous BMP inhibition 

experiments, in which Noggin overexpression in early chicken embryos led to 
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hypoganglionosis and impaired ENS formation (203). Our organotypic and in vitro 

cultures further confirmed that disrupting BMP4 signaling yields various ENS 

phenotypes, including hypoganglionosis and impaired neuronal/glial differentiation. 

However, when the BMP4 inhibitor recombinant Noggin protein was applied to intestinal 

exolants, ENCDC migration was enhanced, but ganglion formation was impaired, leading 

to ectopic distribution of enteric neurons – recapitulating the results obtained from mouse 

embryo models (209). Misexpression of Noggin in early chick embryos caused delayed 

ENCDC migration and smaller ganglia (203), consistent with earlier studies showing that 

BMP4 inhibition at the neural tube blocks neural crest emigration (9) and thus depletes 

ENCDC pool. 

The varying effects observed between early RCAS-Noggin injection and later 

recombinant Noggin protein treatment likely reflect differences in delivery methods and 

timing. To directly assess role of BMP4 in ENCDC development, we added GDNF to the 

pre-colonized E6 cecal explants, facilitating ENCDC migration onto a fibronectin-caoted 

surface. As reported in embryonic mouse gut, BMP4 alone did not promote ENCDC 

migration (280), but recombinant Noggin inhibited ENCDC aggregation in vitro, as 

previously described (202). Conversely, BMP4 promoted aggregation in our explant 

system, mimicking the phenotype of RCAS-BMP4-infected hindguts. Interestingly, 

simultaneous application of BMP4 and GDNF growth factors before migration started, 

prevented ENCDC aggregation. This suggests that expression of GDNF in the ceca may 

temporarily override the aggregation-inducing effects of the BMP4, thereby maintaining 

a migratory ENCDC population for hindgut colonization. 

Although the ceca will eventually develop enteric ganglia, our findings suggest 

that ENCDCs deplete local GDNF levels as they migrate. During this developmental 

window, pSMADs are not detected in wavefront ENCDCs, indicating that BMP signaling 

is inactive and ganglion formation is suppressed to maintain migratory capacity. Once 

GNDF levels decline, BMP4 can act on the trailing ENCDC population, promoting 

aggregation and initiating neuronal differentiation (Figure 24). 
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5.3. Cecal regulation of ENCDCs: a model of progenitor expansion and migration 

via balanced BMP4, GDNF, and WNT11 signaling 

Our data implies that the cecal buds in the avian embryonic intestine function as 

a staging area where ENCDC proliferation is supported, while differentiation is prevented 

in order to increase the number of undifferentiated progenitors available to migrate to the 

hindgut. (Figure 24). Interestingly, a study in mice did not find an increased rate of cecal 

ENCDC proliferation (281). Considering that the hindgut represents the most distant 

location for vagal crest-derived ENCDCs to colonize during migration, each species may 

have individually evolved to the challenges this imposes on ENS growth. In avians, our 

findings indicate that the cecal buds are utilized as an optimal location to instruct the 

incoming ENCDCs to proliferate, maintain a non-differentiated state, and proceed with 

their craniocaudal migration into the colorectum.  

 
Figure 24. Model of 

hindgut ENCDC 

colonization and the roles 

of BMP4, GDNF, and 

WNT11 growth factors. 

Model of hindgut 

colonization by ENCDCs 

highlights the specific roles 

of BMP4, GDNF, and 

WNT11 signaling in the 

ceca mesenchyme. BMP4 

(blue colour) reduces 

ENCDC proliferation, 

promotes differentiation, 

and induces premature 

gangliogenesis, while GDNF (red) stimulates ENCDC proliferation, migration, and 

differentiation. Both signals are expressed in the ceca mesenchyme just before ENCDCs arrive, 

suggesting that their overlapping local activity regulates the migratory wavefront. We propose 

that the co-expression of BMP4 and GDNF is essential for hindgut ENS formation: GDNF 

counteracts the gangliogenic effect of BMP4 in the cecum, allowing wavefront cells to remain 

undifferentiated and continue migrating into the hindgut. Once past the ceca, ENCDCs enter a 

BMP4-free, GDNF-rich outer mesenchyme, where they differentiate and form enteric ganglia in 

the colorectum. WNT11, similarly restricted to the ceca, also inhibits premature neuronal 

differentiation, further ensuring that ENCDCs remain migratory and prevent early aggregation 

into ganglia-like clusters. This coordinated signaling mechanism ensures that a sufficient pool of 

undifferentiated progenitors reaches the distal gut to complete the ENS. Undifferentiated 

ENCDCs and wavefront cells are shown as black dots, differentiated ENS cells in green, 

mesenchymal compartment coloured in yellow, while GDNF expression in red, and BMP4 

expression in blue. 
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5.4. Future perspectives 

Current research is intensively focused on both stem cell therapy to replace 

absent neurons and glia in the aganglionic segment, and possible treatments to stimulate 

the transdifferentiation of endogenous enteric glial cells into enteric neurons. Enteric 

neural stem cells (ENSCs) can be extracted from the gut wall of both children (282–284) 

and adults (285), specifically from the small intestine and colon (286), via mucosal and 

full-thickness biopsies (287). These ENSCs possess self-renewal capabilities, 

demonstrate elevated neurogenesis rates in vitro, and proliferate in culture to create 

clusters of concentrated neural stem cells known as neurospheres (284,285,288). 

In animal models, enteric neurospheres can be transplanted into the colon using 

laparotomy, a peri-anal route, or endoscopic injection in mice (289) and swine (65). After 

transplantation, ENSCs engraft and differentiate into functional neurons and glial cells 

(290). Embryonic ENSCs have also demonstrated successful engraftment in aganglionic 

embryonic gut explants and contributed to the regulation of tissue contractility (283). 

Despite these promising outcomes, most postnatal transplantation studies have been 

limited by inadequate engraftment, migration, and proliferation of donor cells 

(16,291,292).  

Ongoing research is focused on optimizing the efficacy of ENSC-based 

therapies. Strategies include co-transplanting cells with bioactive molecules encapsulated 

in liposomal nanoparticles (293), genetically modifying donor cells using viral vectors 

(294), and enriching culture conditions with specific growth factors (286). For example, 

co-delivery of ENSCs with nanoparticles containing 5-hydroxytryptamine type 4 (5-HT4) 

receptor agonists significantly enhanced neuronal density and proliferation in vivo (293). 

Similarly, transduction of donor cells with a lentivirus that reduced the expression of 

agrin – a heparan sulfate proteoglycan – improved cell migration in both gut explants and 

in vivo  (295). Additionally, GDNF treatment enhances the neurogenic potential of 

neurospheres in vitro (286,296). 

Based on our findings, testing the effects of BMP4 and WNT11 supplementation 

during neurosphere preparation could further enhance regenerative potential prior to 

transplantation. Supporting this, when human embryonic stem cell-derived neural crest 

progenitors were directly transplanted into the ceca of Ednrb-/- mice, the cells colonized 

the entire colon and improved survival rates, though without a corresponding 
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improvement in gut motility. The mechanism behind this enhanced survival remain 

unclear (297), but these results further emphasize the functional significance of the ceca 

and support the relevance of our findings for translational applications. 

Future studies could benefit from a more detailed characterization of cecal 

mesenchyme-derived signals using advanced techniques such as spatial transcriptomics, 

multiplexed RNAscope labeling, or CRISPR-based conditional gene silencing. However, 

these approaches are either unavailable or not yet optimized for avian model systems. 

Single-cell RNA sequencing (scRNA-seq) has only recently been applied to ENS (298). 

In the mouse embryo, FZD3 (a Wnt receptor) and Sfrp1 (a secreted Wnt inhibitor) are 

robustly expressed at the ENCDC wavefront; this expression is disrupted in Ednrb mutant 

mice and HSCR patient samples (299). It has been proposed that defective WNT/FZD3 

signaling in HSCR leads to premature ENCDC differentiation, thereby compromising 

their ability to colonize the distal gut and resulting in aganglionosis – a mechanism that 

aligns with our observations. 

Moreover, recent transcriptomic comparisons between control and HSCR patient 

samples revealed significant downregulation of BMP-modulating genes in endothelial 

cells within the aganglionic segment. In addition, germline mutations in BMPR1 and 

missense variants in BMP4 have been identified in multiple HSCR patients, highlighting 

the crucial role of BMP signaling in ENS development (300).  
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6. Conclusions 

Using avian embryo-surgery and molecular analyses, we demonstrate that the 

cecal buds in the avian gut act as a critical staging area for enteric neural crest-derived 

cells (ENCDCs). In this intestinal mesenchyme environment, ENCDC proliferation is 

promoted, while differentiation is inhibited, thereby maximizing the pool of 

undifferentiated progenitors available for hindgut colonization. 

We have identified several cecal-derived growth factors that create a unique niche for the 

expansion of the undifferentiated ENCDCs and supporting their craniocaudal migration 

into the colorectum. Specifically, we characterized the expression and developmental 

biology roles of BMP4, WNT5A, and WNT11 in the developing avian hindgut, 

demonstrating their regulatory roles in ENCDC proliferation, migration, and 

differentiation, during development of the colorectum ENS. 

Our findings significantly contribute to understanding the key signaling pathways 

controlling ENCDC migration and differentiation, which are disrupted in enteric 

neurocristopathies, such as Hirschsprung disease. By integrating classical embryology 

and developmental biology methods as well as molecular biology studies, this research 

may contribute to new regenerative medicine approaches, leading to the development of 

more targeted, effective stem cell-based therapies. 
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7. Summary 

The enteric nervous system (ENS), originating from enteric neural crest-derived 

cells (ENCDCs), forms the complex neuronal innervation of the gastrointestinal tract. 

Disruption of ENCDC migration can result in Hirschsprung disease, characterized by the 

absence of enteric ganglia in the distal colorectum. We observed that ENCDC 

proliferation is specifically high during their migration throughout the ceca, a paired 

structure of the avian intestine at the midgut-hindgut junction level. Microsurgical 

ablation of the ceca leads to hindgut aganglionosis, highlighting their essential role in 

colorectal ENS development. Comparative transcriptomic analysis revealed that non-

canonical Wnt signaling, especially WNT11, is highly expressed in the ceca 

mesenchyme. RNA in situ hybridization confirmed the ceca mesenchyme-specific 

expression of the WNT11 gene. Addition of recombinant WNT11 protein in organ culture 

experiments showed to inhibit enteric neuronal differentiation, suggesting a role in 

maintaining ENCDCs in the undifferentiated progenitor state. Furthermore, 

transcriptomic profiling also identified bone morphogenetic proteins (BMPs) as critical 

regulators. In situ hybridization revealed strong BMP4 expression in the cecal 

mesenchyme, suggesting a critical role for cecal-derived BMP4 in hindgut ENS 

formation. To investigate this, we modulated BMP4 activity using embryonic intestinal 

organ culture and retroviral-mediated gene manipulation. Both overexpression and 

inhibition of BMP4 in the ceca disrupted hindgut ENS development, indicating that 

precise regulation of BMP4 is necessary. Our findings demonstrate that BMP, non-

canonical WNT and GDNF signaling pathways are essential for normal ENCDC 

migration and enteric ganglia formation in the hindgut. This study identifies novel 

molecular players in avian hindgut ENS development and provides new insights into the 

regulation of ENCDC proliferation, migration, and differentiation.  
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