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Abstract
Purpose  Intestinal neuronal dysplasia (IND) is a congenital anomaly affecting gastrointestinal neural innervation, but the 
pathogenesis remains unclear. The homozygous Ncx/Hox11L.1 knockout (Ncx−/−) mice exhibit megacolon and enteric ganglia 
anomalies, resembling IND phenotypes. Sox10-Venus transgenic mouse were used to visualize enteric neural crest cells in 
real time. This study aims to establish a novel mouse model of Sox10-Venus+/Ncx−/− mouse to study the pathogenesis of IND.
Methods  Sox10-Venus+/Ncx−/− (Ncx−/−) (n = 8) mice and Sox10-Venus+/Ncx+/+ controls (control) (n = 8) were euthanized at 
4–5 weeks old, and excised intestines were examined with fluorescence microscopy. Immunohistochemistry was performed 
on tissue sections with neural marker Tuj1.
Results  Ncx−/− mice exhibited dilated cecum and small intestine. Body weight of Ncx−/− mice was lower with higher ratio 
of small intestine length relative to body weight. The neural network (Sox10-Venus) was observed along the intestine wall 
in Ncx−/− and control mice without staining. Ectopic and increased expression of Tuj1 was observed in both small intestine 
and proximal colon of Ncx−/− mice.
Conclusion  This study has established a reliable animal model that exhibits characteristics similar to patients with IND. 
This novel mouse model can allow the easy visualization of ENS in a time- and cost-effective way to study the pathogenesis 
of IND.
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Introduction

Intestinal neuronal dysplasia (IND) is a disorder of the 
enteric nervous system (ENS) associated with intestinal 
dysmotility. IND patients present with a clinical condition 
similar to Hirschsprung's disease (HD) including severe 
constipation or intestinal obstruction [1]. However, the 
pathological features of IND are clearly different from 
HD, mainly hyperplasia of the submucosal and myenteric 
nerve plexus [2]. Since the first description of IND in 1971 
[3], the definition of IND is still a subject of controversy. 
While the histopathological diagnostic criteria for IND 
undergo continuous revisions, the underlying causes and 
pathogenic mechanisms have not been elucidated.

Animal model is a critical tool for understanding the 
anatomy and pathophysiology of human disease and for 
exploring new treatments. Recently, genetic studies have 
provided strong evidence in animal models that IND is a 
real entity [4–7].

The Ncx (Enx, Hox11L.1) gene, one of the unclustered 
Hox genes belonging to the Hox11 gene family [8, 9], is 
specifically expressed in the dorsal root ganglia, cranial 
nerve ganglia (V, IX, and X), enteric ganglia, adrenal 
glands, and sympathetic ganglia [10]. Ncx is proven to 
be crucial to the development of ENS [10]. Homozygous 
mutant mice of Ncx−/− display megacolon with impaired 
colonic motility at the age of 3–5 weeks and have been 
verified to strongly resemble IND without any further 
major morphologic disorders [6, 7]. Histopathological 
evaluation revealed hyperplasia of myenteric ganglia simi-
lar to the phenotype observed in human IND type B [6, 7].

The transcription factor, Sox10, is expressed in glial cell 
lineage but not in enteric neurons such as ganglion glial 
cell differentiation [11–13]. Previously, we developed the 
genetically engineered transgenic Sox10-Venus mouse to 
visualize the behavior of migrating enteric neural crest 
cells (ENCCs) expressing green fluorescent protein (GFP), 
known as the Venus mouse [14]. The genetic regulation 
behind Sox10 gene expression and its mechanism in con-
trolling ENS development are highly important to under-
stand the pathogenesis of Sox10-related diseases includ-
ing HD. Recently, we successfully created an endothelin 
receptor B (Ednrb) knockout mouse with Sox10 transgenic 
expression, which has been widely used to investigate the 
pathogenesis of HD through real-time visualization of 
ENCCs with Venus/GFP [15, 16].

With both the diagnostic criteria and pathogenesis of 
IND still controversial, an animal model is needed that can 
faithfully mimic the phenotypes of IND patients while pro-
viding us with a tool to study the cause of the disease. The 
aim of this study was to establish a novel mouse model of 
Sox10-Venus transgenic/Ncx−/− mouse that could allow the 

real-time visualization of ENS development in IND and to 
develop novel disease therapeutics.

Materials and methods

Animal model

We generated and raised Sox10-Venus transgenic mice 
(Sox10-Venus+) following a previously described protocol 
to visualize neural crest lineage cells [14]. We obtained het-
erozygote littermates (referred to as Ncx+/−) and homozy-
gotes (referred to as Ncx−/−) from Dr. Masahiko Hatano 
[6]. Sox10-Venus+/Ncx−/− mice were raised at the Jun-
tendo University School of Medicine in Tokyo, Japan, by 
initially crossing Ncx+/− mice with Sox10-Venus+ mice 
and repeat crossing with Sox10-Venus+/Ncx+/− mice. The 
genotypes of mice and embryos were determined by poly-
merase chain reaction. Mouse genotypes were determined 
using the 5′-TCA​CCT​TCC​CCT​GGA​TGG​AC-3′ upstream 
primer and the 5′-GAT​TGC​ACG​CAG​GTT​CTC​C-3′ Ncx 
downstream primer for the knockout allele. A total of 17 
mice were euthanized via cervical dislocation at four to five 
weeks of age, comprising 8 Ncx−/−, 1 Ncx+/−, and 8 Ncx+/+ 
mice. All animal procedures underwent thorough review and 
received approval from the Juntendo University School of 
Medicine Animal Care and Use Committee (Institutional 
Review Board no. 2023032).

Morphological analysis using fluorescence

Body weights of each animal were measured before eutha-
nization. The entire intestine was excised from each mouse, 
measured for length, fixed with 4% paraformaldehyde, and 
examined using fluorescence microscopy. Images were 
obtained using a BZX810 microscope (Keyence, Osaka, 
Japan).

Quantitative analysis of the area of Sox10‑Venus 
in the intestine

To compare the area of Sox10-positive cell expression 
between Ncx−/− and control, we calculated the area with 
GFP expression divided by the total area of the entire intes-
tinal tract in the region of interest using ‘Image J’ image 
analysis software (NIH, USA).

Immunostaining

After washing with phosphate buffered saline (PBS), 
specimens were immersed in 20% sucrose, embedded in 
OCT Mounting Compound (VWR International, Leuven, 
Belgium), frozen at − 80 °C, sectioned transversely at a 
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thickness of 10 μm and mounted on Superfrost Plus slides 
(VWR International, Leuven, Belgium).

For direct Sox10-Venus fluorescence visualization, slides 
were washed with distilled water and mounted with cover-
slips using Vectashield mounting media containing DAPI 
(Vector Laboratories, USA).

For immunostaining, slices were rinsed with distilled 
water and blocked with goat serum, followed by incubation 
with the anti-Tuj1 primary antibodies (1:200) (mouse; Bio-
Legend, California) overnight at 4 ℃, then incubated with 
anti-mouse HRP-conjugated secondary antibody (1:200) 
(DAKO, Sant Clara, CA) for 1 h at 37 ℃. All antibody incu-
bation and washing steps were performed in PBS at pH7.4 
diaminobenzidine (DAB, Dojindo, Kumamoto, Japan) solu-
tion was added and slides were monitored under microscope 
until color change. Slides were then counterstained with 
Hematoxylin and mounted with cover slip. Images were 
acquired on a confocal laser-scanning microscope (BZX810 
microscope, Keyence, Japan).

Statistical analysis

Comparisons between the Ncx−/− and control groups were 
tested using an unpaired t test. Statistical significance was 
defined as p < 0.05. The GraphPad Prism 8.0 (GraphPad, 
SanDiego, California) software was used for data analysis.

Results

Lower body weight and megacolon in Ncx−/− mice

The gross anatomy of Ncx−/− mice indicated megacolon 
(Fig. 1a). Dilatation of the distal ileum, cecum and proxi-
mal colon in Ncx−/− mice was observed (Fig. 1b). The body 
weight of Ncx−/− mice was significantly lower than the con-
trol mice (16.9 ± 2.36 vs 20.7 ± 2.40, p < 0.05) without any 
further major morphologic disorders.

Furthermore, the ratio of small intestine length to body 
weight was significantly higher in the Ncx−/− group than 
in the control group (1.82 ± 0.41 vs 1.22 ± 0.36, p < 0.05) 
(Fig. 1c).

Prescence of Sox10‑Venus expression in the ENS 
of Ncx−/− mice

We confirmed that a complex network of nerve fibers/glia 
cells labeled using green fluorescence was visualized along 
the intestine wall without the need for antibody staining in 
both Ncx−/− and control mice (Fig. 2a). Looking at tissue sec-
tions, Sox10-Venus was mainly expressed in the neural plexus 
in intestine sandwiched between the muscle layers in the 
control proximal colon (Fig. 2b). However, in Ncx−/− mice, 
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Fig. 1   Gross morphological observation of intestinal tissue in Ncx−/− 
mouse and control mouse at 5 weeks. a Macroscopic comparison of 
intestine phenotype in control (left) and Ncx−/− (right) mice. b The 

entire dissected intestine from control and Ncx−/− mice. c Body 
weight (BW) and length of small intestine relative to body weight of 
both control and Ncx−/− mice (n = 8 for each group) (*p < 0.05)
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Sox10-Venus expression seemed to be uneven between the 
neural plexuses, specifically Ncx−/− mice has a higher expres-
sion of Sox10-Venus in the myenteric plexus compared to 
submucosal plexus. An analysis of the surface area covered 
by green fluorescence demonstrated higher region of Sox10-
Venus expression in Ncx−/− proximal colon than in control 
proximal colon (5.83 ± 1.84 vs 2.60 ± 1.27, p < 0.05) (Fig. 2c).

Ectopic neural expression in Ncx−/− mice

To study whether the Ncx−/− mice mimics phenotype of 
IND patients, immunohistochemical staining was carried 
out looking at the neural marker Tuj1. Increased expres-
sion of Tuj1 in the myenteric plexus layer was observed in 
Ncx−/− intestine, in addition to ectopic expression in the 
mucosal and muscular layers in both small intestine and 
proximal colon (Fig. 3). This shows that the Ncx−/− mice 
can be used as a faithful animal model to study IND.

Discussion

In this study, we have established a novel mouse model 
of IND, enabling the real-time visualization of ENS with-
out the need for staining techniques. This model faithfully 

recapitulated the etiological factors and clinical features 
observed in human IND, including hyperganglionosis, 
ectopic ganglia, stunted weight growth, and the presence of 
megacolon. The creation of this novel mouse model holds 
significant promise for forthcoming investigations, as it 
facilitates in vivo imaging of individual cells, providing a 
valuable tool for detailed cellular-level research.

Granero Cendon et al. [17] reported that IND has an inci-
dence of 1 in 7500 newborns, and studies examining rectal 
suction biopsies in various centers have reported isolated 
IND occurrences ranging from 0.3% to 40% [18, 19]. Iso-
lated IND, which constitutes more than 95% of IND cases 
[18], is a malformation of the ENS characterized by abnor-
malities in the submucosal plexus. It was initially described 
by Melier-Ruge in 1971 as a condition where children exhib-
ited clinical symptoms resembling HD due to ENS malfor-
mation [3]. In 1983, Fadda et al. [20] further classified IND 
into two distinct subtypes, both clinically and histologically. 
Currently, IND can be classified into two clinical and histo-
logical distinct subtypes. Type A IND (IND-A), accounting 
for less than 5% of the cases observed, can be histologically 
characterized by congenital aplasia or hypoplasia of the sym-
pathetic innervation, with symptoms of intestinal obstruc-
tion, diarrhea, and bloody stools in the neonatal period due 
to delayed maturation of neuronal cells. In contrast, Type B 
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Fig. 2   Expression of Sox10-Venus in control and Ncx−/− intestine 
without immunostaining. a Whole tissue fluorescence image of 
unstained Sox10-Venus control and Ncx−/− proximal colon. b Tissue 

cross sections of unstained Sox10-Venus control and Ncx−/− proximal 
colon. c Percentage area of Sox10-Venus expression relative to total 
tissue section area
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IND (IND-B) is a permanent illness with hyperganglionosis, 
giant ganglia of the submucosal and myenteric plexus and 
ectopic ganglion cells, accounting for over 95% of all IND 
cases [18, 19, 21]. Thus, IND is now often used as synony-
mous with IND type B. In this study, we demonstrated that 
Ncx−/− mice has a higher expression of Sox10-Venus in the 
myenteric plexus compared to submucosal plexus. The fact 
that expression is not only elevated in the submucosal but 
also in the myenteric plexus is a feature very similar to that 
in humans and more supportive of this animal model [7].

The pathogenesis of IND is not completely understood 
and its etiology remains unknown. Nevertheless, numerous 
indications point toward a genetic basis, coupled with sub-
stantial involvement from environmental factors. However, 
findings from previous studies have not unveiled any specific 
genetic variants as the direct causes in IND-B patients [22, 
23]. In fact, a low number of patients is a recurring problem 
in the analysis of the genetic basis of IND-B [22, 24–26], 
due to the low prevalence of the disease and the difficul-
ties involved in the clinical diagnosis and management of 
patients. Moreover, some studies have suggested that the 
pathologic changes seen in IND might be a secondary phe-
nomenon induced by congenital obstruction and inflamma-
tory disease [1, 27]. Certainly, genetic research utilizing 
animal models can offer more compelling proof to validate 
IND as a genuine phenomenon.

Several animal models with mutations of various genes 
involved in ENS development, such as Ncx/Hox1L11, Spry2, 
Ednrb and Edn3, share histological features human IND-B 
phenotypes [2, 28–30], such as hyperganglionosis [23]. 
Recently, two different Ncx/Hox11L1 knockout mouse mod-
els and a heterozygous endothelin B receptor-deficient rat 

demonstrated abnormalities of the submucous plexus simi-
lar to that observed in human IND. In both Ncx/Hox11L1 
knockout mouse model, homozygous mutant mice were 
viable, and approximately 50% of Ncx−/− mice developed 
megacolon at the age of 3–5 weeks. Histological and immu-
nohistochemical analyses showed hyperplasia of the myen-
teric ganglia, a phenotype similar to that observed in IND 
[6, 7]. More recently, Von Boyen et al. [28] reported abnor-
malities of the ENS in heterozygous endothelin B receptor 
(Ednrb)-deficient rats resembling IND in humans. In gen-
eral, Ncx−/− mouse is proposed as a model for IND. Further 
characterization of these mice may help to better define this 
controversial disease mechanism.

Sox10 plays a crucial role in cell fate specification and 
glial cell differentiation [11, 12]. It is reported that Sox10 is 
mainly expressed in glial cells of the peripheral nervous sys-
tem but not in neurons in IND human colon [13, 31, 32]. We 
have previously created a mouse model of HD in which the 
ENS can be visualized without staining, a tool that has been 
very useful for investigation from the embryonic stage and 
at the cellular level leading to pathogenesis and therapeutic 
innovation [15]. In the present study, we confirmed the pres-
ence of Sox10 positive cells without staining, as observed in 
the small intestine and colon of both Sox10-Venus+/+/Ncx+/+ 
and Sox10-Venus+/+/Ncx−/− mice (Fig. 2.). Besides, immu-
nohistochemical staining revealed increased expression of 
Tuj1, a neuron marker, in the myenteric plexus layer, in addi-
tion to ectopic expression in the mucosal and muscular lay-
ers in both small intestine and colon of Ncx−/− mice. There-
fore, we confirmed that we have successfully established the 
animal model of IND using Sox10-Venus+/+/Ncx−/− mice 
which can be visualized without immunological staining, 

Fig. 3   Immunohistochemical 
staining of neural marker Tuj1 
(brown) in small intestine and 
proximal colon. Arrows indicate 
hyperganglionosis, and arrow-
heads indicate ectopic ganglia. 
Magnification × 20
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providing a more economical and unbiased approach with 
less physical and chemical manipulation. Similar to the 
advancements made in cell therapy and innovative treat-
ments for HD, it is anticipated that this mouse model for 
IND will pave the way for a significant breakthrough in 
understanding its pathophysiology and the creation of novel 
therapeutics. Furthermore, through the transgenic labeling 
of the Sox10-expressing cells, ENCCs can be isolated and 
put to use in drug discovery studies targeting IND, an area 
that has not yet been explored. The application of this novel 
Sox10-Venus+/+/Ncx−/− mouse can open up new avenues for 
groundbreaking drug discovery investigations in the realm 
of IND.
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