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ABSTRACT
The enteric nervous system (ENS) consists of a network of 
neurons and glia that control numerous complex functions 
of the gastrointestinal tract. Hirschsprung disease (HSCR) 
is a congenital disorder characterized by the absence of 
ENS along variable lengths of distal intestine due to failure 
of neural crest-derived cells to colonize the distal intestine 
during embryonic development. A patient with HSCR 
usually presents with severe constipation in the neonatal 
period and is diagnosed by rectal suction biopsy, followed 
by pull-through procedure to surgically remove the 
affected segment and reconnect the proximal ganglionated 
intestine to the anus. Outcomes after pull-through surgery 
are suboptimal and many patients suffer from ongoing 
issues of dysmotility and bowel dysfunction, suggesting 
there is room for optimizing the management of this 
disease. This review focuses on discussing the recent 
advances to better understand HSCR and leverage them 
for more accurate and potentially less invasive diagnosis. 
We also discuss the potential future management of HSCR, 
particularly cell-based approaches for the treatment of 
HSCR.

BACKGROUND
A complex network of enteric neurons and 
enteric glial cells (EGCs) comprise the enteric 
nervous system (ENS) and are responsible 
for controlling numerous complex functions 
of the gastrointestinal tract including diges-
tion, absorption, passage of food and waste, 
epithelial barrier function, maintenance of 
a healthy microbiome, and preservation of 
host immunity.1 The ENS extends along the 
entire length of the gastrointestinal tract, is 
composed of 200–600 million neurons2 and 
approximately seven times as many glial 
cells,3 and is capable of autonomous function 
without signaling input from the brain or 
spinal cord.4 The majority of enteric neurons 
and EGCs are arranged in two intercon-
nected networks, the myenteric (between the 
longitudinal and circular muscle layers) and 
the submucosal (between the epithelium and 
circular muscle layer) plexuses.

Both neurons and EGCs arise from neural 
crest cells (NCCs) that migrate into and 
along the gut mesenchyme during embryo-
logic development.5 In human ENS develop-
ment, NCCs emerge from the neural tube at 

postconception week 4 and complete their 
colonization of the hindgut by week 7.6 This 
process of colonization is highly dependent 
on coordinated interactions between NCCs 
and their surrounding environment. The fate 
of NCCs is largely determined by the specific 
axial level of the neural tube (cranial, cardiac, 
vagal, trunk, and sacral) from which they 
arise.5 The ENS is predominantly populated 
by vagal-derived NCCs. Sacral-derived NCCs 
contribute to a lesser extent, specifically to 
colorectal ENS development, and enter the 
distal hindgut only after the arrival of vagal 
NCCs.7 8 An additional contribution to the 
distal intestinal ENS comes from Schwann 
cell precursors that migrate into the colon 
along extrinsic nerve fibers.9 10 To form a 
functional ENS, NCCs must survive, migrate 
in the appropriate direction, proliferate, 
differentiate into neurons and glia in the 
correct ratio and at the appropriate time, and 
form a functional neuroglial network.1 These 
processes are tightly regulated both spatially 
and temporally by multiple neurotrophic 
factors, signaling pathways, and transcription 
factors.5 11

Any disruption in enteric NCC migration, 
proliferation, or differentiation can lead to 
Hirschsprung disease (HSCR), a develop-
mental disorder that occurs when enteric 
NCCs fail to complete their craniocaudal 
migration along the gut mesenchyme. This 
failure results in distal intestinal aganglionosis 
of a variable length and affects 1 in 5000 live 
births.12 In the majority of cases (80%), only 
the rectosigmoid colon is affected, but the 
aganglionosis extends more proximally in the 
remainder, even rarely involving the entire 
intestinal tract.12 13

CURRENT MANAGEMENT OF HSCR
Most patients with HSCR present with classic 
symptoms characterized by failure to pass 
meconium within the first 48 hours of life. 
This prompts a water-soluble contrast enema, 
which has several characteristic findings in 
HSCR, including reversal of the rectosigmoid 
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ratio (where the diameter of the rectum is less than that 
of the sigmoid colon), a spiculated sawtooth pattern of 
the rectal mucosa, and a transition zone. These findings, 
however, are not always present. In one study, 75% of 
HSCR neonates had an abnormal rectosigmoid ratio, 
85% had a transition zone, and 50% had a sawtooth 
pattern of the rectal mucosa.14 Radiographic abnor-
malities may be absent in the neonatal period due to 
an insufficient amount of time for proximal bowel dila-
tion to occur. Anorectal manometry can be used as an 
adjunctive test since all patients with HSCR have an 
absent rectoanal inhibitory reflex.15 A definitive diag-
nosis is performed via rectal suction biopsy (RSB), and 
the tissue is evaluated by H&E and acetylcholinesterase 
(AChE) and/or calretinin staining. This is the current 
gold standard for diagnosis and has a 100% sensitivity 
and 99.1% specificity.16

The primary treatment for HSCR is surgery to remove 
the aganglionic segment, followed by a pull-through 
procedure to reconnect the remaining ganglionated 
intestine to the anus.17 18 The pull-through operation 
can be performed transanally for short-segment agangli-
onosis, with an abdominal component that is done either 
laparoscopically or via open surgery to identify the level 
of aganglionosis prior to initiating the pull-through and 
also often to facilitate the dissection. The operation can 
also be performed as a single-stage procedure or after a 
diverting ostomy. There are three commonly performed 
pull-through procedures, as described by Swenson et al,19 
Yancey-Soave,20 and Duhamel.21 Outcomes and compli-
cation rates of the various procedures are similar and the 
specific procedure is typically chosen based on surgeon 
experience and preference. Timing of pull-through 
surgery varies across clinical practice. In a European 
review of pediatric surgical practice, pull-through proce-
dures were performed at diagnosis in 33% of neonates 
and after 4 months of age, or when the patient was >5 kg, 
in 67% of patients.22 While awaiting definitive surgery, 
77% of patients underwent rectal irrigations, 22% 
underwent rectal dilatation/stimulation, and 33% had a 
diverting stoma.22

Unfortunately, there are several long-term complica-
tions following pull-through procedures and subsequent 
bowel dysfunction is relatively common. Complications 
include obstructive symptoms, fecal soiling, Hirschsprung-
associated enterocolitis (HAEC), and psychosocial 
distress.13 23–27 Constipation rates following pull-through 
surgery vary widely between studies, from 4%28 to 
~30%.29 Many of these patients are unable to defecate 
without the assistance of anal dilation or rectal irrigation. 
There are five common causes of obstructive symptoms 
following pull-through surgery, including mechanical 
obstruction; retained aganglionosis, hypoganglionosis, 
or transition zone pull-through; internal sphincter acha-
lasia; proximal bowel dysmotility; and functional consti-
pation due to withholding behavior.30 A thoughtful 
evaluation of the cause is essential to target the treatment 
effectively.

Some patients experience the opposite problem, 
with increased stooling frequency occurring in 44% 
of patients.28 It is estimated that fecal soiling affects 
35%–50% of patients with rectosigmoid disease and a 
higher proportion of those with total colonic agangli-
onosis.29 A healthy rectum serves as a reservoir for stool, 
with its distension resulting in the urge to defecate. 
Pull-through procedures either completely (Swenson 
and Yancey-Soave) or partially (Duhamel) disrupt this 
reservoir and involve dissecting near the internal anal 
sphincter and its surrounding innervation, with varying 
degrees of fecal incontinence occurring in nearly half 
of cases. Unfortunately, fecal incontinence has a major 
impact on a child’s quality of life,31 and nearly 50% of 
children aged 5–15 years following pull-through surgery 
described a negative effect on their social life.

HAEC, a condition of intestinal inflammation char-
acterized by fever, abdominal distension, diarrhea, and 
occasionally sepsis, occurs in approximately 28%–42% 
of patients post-operatively.28 32 33 HAEC is the leading 
cause of death in HSCR34 and needs to be taken very 
seriously. This complication can be recurrent, as up to 
21% of patients can have ≥4 episodes of post-operative 
enterocolitis.28 The cause of HAEC remains incompletely 
understood, and therefore treatment is supportive and 
includes antibiotics and rectal irrigations.

FUTURE MANAGEMENT OF HSCR
Non-invasive diagnosis
A definitive diagnosis of HSCR is made by detecting the 
absence of ganglion cells on rectal biopsy. RSB combined 
with H&E and AChE staining is the gold standard for 
the diagnosis of HSCR, although many recent studies 
have reported that calretinin staining can provide highly 
accurate diagnosis with 100% sensitivity and 99.1% spec-
ificity, even by inexperienced pathologists.16 The suction 
biopsy is taken from above the dentate line and there-
fore does not cause the child pain, and must include the 
submucosa, which contains the submucosal plexus. This 
procedure is well tolerated, but RSBs are more likely to 
be non-diagnostic in older children due to the thickness 
of the rectal mucosa. In a review of RSBs, the overall 
complication rate was only 0.65% (which included persis-
tent bleeding requiring blood transfusions, perforation, 
and pelvic sepsis), but the rate of insufficient specimens 
was approximately 10%.35 Patients who have RSBs with 
insufficient tissue must undergo a transanal full-thickness 
rectal biopsy, which requires general anesthesia.

The first step of a pull-through is to determine the 
level of aganglionosis by taking intra-operative biopsies, 
allowing the surgeon to identify the proximal transection 
margin. These biopsies are typically full thickness and are 
evaluated via frozen section by an experienced patholo-
gist. This takes up valuable time during the procedure, 
and non-invasive ways to visualize enteric ganglia would 
substantially streamline this process. Therefore, there 
is a strong impetus to identify non-invasive diagnostic 
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techniques. The myenteric plexus has been successfully 
visualized without tissue sampling using non-invasive 
imaging. Spectral imaging has been able to differentiate 
aganglionic bowel from normal intestine in mice with 
HSCR.36 Full-field optical coherence microscopy, which 
is based on the broadly used technology of optical coher-
ence tomography in medical imaging and endoscopy, 
can visualize the myenteric plexus in both humans and 
mice and has similarly been able to differentiate agan-
glionic from normal bowel in HSCR mice.37 38 Using this 
technology, enteric ganglia and interganglionic fiber 
tracts can be identified, but individual neurons and glia 
are unable to be visualized.39 An additional potential 
strategy includes using confocal laser endomicroscopy, 
but this requires endoscopic removal of the mucosa and 
administration of a neuronal dye to visualize the ENS, 
so it is not yet entirely non-invasive.40 Another recent 
study used ultra-high frequency ultrasound on surgically 
resected specimens of patients with HSCR and was able 
to differentiate regions of aganglionosis from normal 
bowel, although this technology has not yet been success-
fully applied in vivo.41 With continued advancements in 
imaging technologies, clinical application of non-invasive 
visualization of the enteric ganglia is likely around the 
corner.

Artificial intelligence to improve diagnostic accuracy
Diagnosing HSCR requires an experienced pathologist 
to perform immunohistochemical staining and manu-
ally review dozens of slides looking for the presence of 
enteric ganglion cells. The tissue is evaluated with H&E 
and AChE/calretinin staining and the diagnosis of 
HSCR is made based on the absence of ganglion cells 
and calretinin-positive neurites, and often supported 
by the presence of AChE-positive hypertrophic nerves. 
This process is very time-consuming and is dependent on 
the expertise of the available pathologist, and therefore 
standardization and automation of this process would 
be beneficial. In resource-poor settings or communities 
without easy access to healthcare, diagnostic automation 
could be particularly useful. There have been numerous 
studies comparing the performance of artificial intelli-
gence (AI) algorithms with pathologists in the detection 
and classification of various disease processes.42

Pull-through specimens have been used to train algo-
rithms that were 92.3% and 91.5% accurate at detecting 
ganglion cells.43 A recent study used an AI-assisted 
approach to improve the efficiency and accuracy of 
diagnosing HSCR.44 This approach used an algorithm 
to automatically detect enteric ganglion cells, and slides 
with ganglion cells were then manually reviewed by a 
pathologist. In normal colon, the algorithm detected 
enteric ganglion cells with 96% sensitivity and 99% speci-
ficity, and was also able to identify an HSCR case that was 
previously misdiagnosed. Importantly, the expert pathol-
ogist was correctly able to make all HSCR diagnoses based 
solely on the images suggested by the algorithm, with 
over 95% time saved.44 Machine learning approaches 

have the potential to revolutionize diagnostic accuracy, 
although the application of AI in clinical medicine needs 
to overcome significant challenges, including algorithm 
transparency, data standardization, and interoperability 
across multiple platforms.

Genotype-phenotype correlation
Due to the complex inheritance of HSCR, including 
incomplete penetrance, variable expression, and multi-
genic inheritance, the genetic profile cannot currently 
predict disease phenotype. A better ability to predict 
disease course and severity would be very valuable 
in managing patients in the pre-operative and post-
operative periods. HSCR has been shown to arise from 
three types of mutations in cell fate genes of neural crest-
derived cells including: common non-coding variants, 
rare coding variants, and copy-number variants.45 At least 
one of these pathological variants was found in 72% of 
patients with HSCR, and the odds ratios (OR) for HSCR 
increased by a factor of approximately 67 based on the 
combination of pathological variants, where the risk of 
HSCR increases from 1 in 18 100 with no pathological 
variants to 1 in 120 if all three types were present.

The relatively low risk of 1 in 120 despite having a high-
risk genetic profile,45 as well as the incomplete pene-
trance, indicates that other environmental and epigenetic 
factors likely contribute to the complex phenotype of this 
disease. Although significant progress has been made 
identifying genetic risk factors and new mutations that 
lead to HSCR, there remains a significant knowledge 
gap. It is unknown why the majority of patients with a 
high-risk genetic profile do not develop the disease, why 
some patients have short-segment disease while others 
have total colonic involvement, why some present within 
the first 48 hours of life while others develop symptoms 
later in childhood, or why some patients develop HAEC.

Epigenetic changes likely contribute to the incomplete 
penetrance observed in HSCR. Epigenetic regulation 
modifies gene expression and thus phenotype without 
altering the nucleotide sequence or genetic profile. 
Alterations in DNA methylation and histone modifica-
tion can turn particular genes on or off. DNA hypermeth-
ylation silences genes while hypomethylation upregulates 
gene expression. Similarly, histone proteins have resi-
dues that can be altered via methylation/demethylation, 
acetylation/deacetylation, phosphorylation, ubiquiti-
nation, and sumoylation,46 which subsequently affects 
the structure of chromatin and thereby regulates gene 
expression. RET is a tyrosine kinase transmembrane 
receptor expressed by enteric neural crest-derived cells, 
whose activation promotes NCC proliferation, survival, 
migration and differentiation into enteric neurons.47 48 
RET coding mutations account for 15%–35% of patients 
with sporadic HSCR and 50% of familial cases.11 49 Addi-
tionally, non-coding RET mutations are common and 
account for approximately two-thirds of sporadic cases.50 
Epigenetic regulation may also play a role, as RET expres-
sion has been shown to be regulated by DNA methylation 
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in the peripheral white blood cells from patients with 
HSCR.51 Furthermore, the protein complex HOXB5 
alters chromatin configuration, which could result in 
decreased RET expression and HSCR.52 Since there have 
been so many genes implicated in HSCR, epigenetic 
analysis is very complicated. However, emerging tech-
nologies in single-cell epigenetics, including CUT&Tag53 
and ATAC-seq,54 may help elucidate critical epigenetic 
changes that contribute to disease phenotype.

Predictive potential may exist in the resection spec-
imen from pull-through surgery, which includes the 
aganglionic portion, the transition zone, and a cuff 
of normal ganglionated bowel. There is increasing 
evidence that even the ganglionic normal colon in HSCR 
is not entirely normal, which may explain some of the 
ongoing bowel dysfunction experienced after surgery. In 
a Hirschsprung mouse model of short-segment HSCR, 
the normal duodenum had increased levels of excitatory 
motor neurons expressing calretinin as compared with 
normal controls.55 Another study in Hirschsprung mice 
revealed distorted neurotransmitter expression in the 
proximal ganglionated colon, with increased expression 
of nitric oxide synthases (NOS) and vasoactive intestinal 
peptide (VIP) neurons, decreased cholinergic neurons, 
and decreased overall neuronal density.56 By studying the 
normal ganglionic colonic margin included in the resec-
tion specimen, predictive models could be developed to 
identify which patients are at risk for post-operative issues 
with dysmotility and enterocolitis.

Cell therapy for HSCR
Given the high rate of bowel dysfunction following pull-
through surgery, there exists strong interest in finding 
new ways to regenerate a functional ENS and preclude 
the need for surgery in HSCR. Both stem cell therapy, to 
replace the missing neurons and glia in the aganglionic 
segment, as well as potential treatments to activate the 
transdifferentiation of endogenous enteric glial cells into 
enteric neurons, are being actively studied.

Cell sources
A population of enteric neuronal stem cells (ENSCs) 
can be isolated from the gut wall from children57–59 and 
adults,60 from both the small intestine and the colon,61 
and from both mucosal and full-thickness biopsies.62 
These ENSCs are self-renewing, exhibit high rates of 
neurogenesis in vitro, and proliferate in culture to form 
clusters of concentrated neural stem cells called neuros-
pheres.59 60 63 These neurospheres can be delivered to the 
colon via laparotomy, through a peri-anal approach, or 
via endoscopic injection in mice64 and swine.65 Following 
transplantation, ENSCs engraft and differentiate into 
neurons and glial cells.66

Importantly, ENSCs have the ability to give rise to 
enteric neurons and appropriate neuronal subtypes.67 
Embryonic ENSCs effectively engrafted when trans-
planted into aganglionic embryonic explants and were 
able to regulate tissue contractility.58 Furthermore, 

ENSCs isolated from the proximal ganglionic colon of 
postnatal HSCR mice were successfully transplanted 
into the aganglionic distal colon and differentiated into 
enteric neurons and glia.68 More recently, autologous 
ENSCs were isolated from a segment of small bowel and 
used to replace missing neurons and glia in a model 
of focal aganglionosis induced using diphtheria toxin. 
The transplanted cells formed neo-ganglia and restored 
colonic contractile activity as shown by electrical field 
stimulation and optogenetics.69 Another recent study 
used sacral and vagal neural crest-derived human plurip-
otent stem cells (hPSCs) to rescue a mouse model of total 
colonic aganglionosis.70

Optimization to maximize the efficacy of cell therapy
Although these findings are encouraging, most cell 
therapy studies in postnatal animals have been limited 
by relatively poor engraftment, migration, and prolifer-
ation of cells.5 71 72 Current research therefore empha-
sizes the optimization of stem cell efficacy, including 
supplementing growth factors into culture conditions,61 
co-transplantation of cells with other molecules packaged 
in liposomal nanoparticles,73 74 or direct modification of 
donor cells using viral vectors.68 For example, when glial 
cell line-derived neurotrophic factor (GDNF) is supple-
mented into the culture media, neurospheres have 
increased neurogenic potential.61 75 Additionally, in vivo 
co-administration of ENSCs with 5-Hydroxytryptamine 
type 4 (5-HT4) receptor agonist-loaded nanoparticles 
significantly enhanced neuronal density and prolifer-
ation.73 Similarly, transduction of donor cells with a 
lentivirus that knocked down the heparan sulfate prote-
oglycan, agrin, enhanced the migration of stem cells 
following transplantation onto gut explants and in vivo.76 
Our lab is currently studying the utilization of novel isola-
tion and expansion methods to increase the number and 
proportion of ENSCs that comprise our donor cells with 
the goal of enhancing the neurogenic potential of trans-
planted cells.

Attempts to circumvent immunological challenges
Nearly all studies on ENSC transplantation have been 
allogeneic, meaning that the donor cells are obtained 
from the same species but not from the exact same animal 
that is receiving the transplant. Autologous ENSC trans-
plantation is feasible, but requires a piece of bowel to be 
removed to isolate and culture the donor cells.69 There-
fore, the identification and use of other sources of autol-
ogous cells that are easier to access is critical for clinical 
translation. Skin, dental pulp, adipose tissue, and bone 
marrow all contain neural progenitor cells with poten-
tial for use in regenerative therapy. Skin-derived precur-
sors (SKPs) have been isolated from rodents,77 swine,78 
and humans.79 Rat SKPs were successfully transplanted 
into aganglionic rodent intestine77 and human SKPs 
engrafted into swine colon 1 week following transplanta-
tion.79 Similarly, dental pulp stem cells (DPSCs) have been 
isolated from humans,80 81 and although they have yet to 
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be transplanted into the gut, they hold promise as they 
were successfully transplanted into a rat model of spinal 
cord injury.82 Neural stem cells have also been isolated 
from the subcutaneous adipose tissue of both mice and 
humans, and transplantation of these cells into mouse 
models of gastroparesis and HSCR improved gastroin-
testinal function.83 Furthermore, neural stem cells have 
been isolated from a neurovascular niche in the bone 
marrow and form neural networks following transplanta-
tion.84 Pluripotent stem cells have been used,85 but these 
are burdened with their own risks, primarily the risk of 
cancer development.

Use of cell therapy as an adjunct treatment for HSCR
Until this point, we have been discussing the role of cell 
therapy in regenerating the ENS in the aganglionic segment. 
Another possibility is to use cell therapy as an adjunct, rather 
than a replacement, for surgery. For example, the proximal 
ganglionic colon in HSCR is often not entirely normal, 
containing either relative hypoganglionosis or an imbalance 
of neuronal subtypes. Although this has yet to be investi-
gated, delivering ENSCs to the proximal colon at the time 
of pull-through surgery could theoretically be beneficial in 
restoring an ENS that more closely approximates that of 
someone without HSCR. Additionally, in HSCR there is an 
excess of extrinsic excitatory cholinergic signaling and a lack 
of inhibitory nitrergic signaling in the internal anal sphincter 
(IAS),86 leading to an elevated resting pressure. All patients 
with HSCR have internal sphincter achalasia with an absent 
rectoanal inhibitory reflex, referred to as IAS achalasia.15 
This does not recover after pull-through surgery, but most 
children are able to overcome the tonic contraction to defe-
cate normally. However, for some children, IAS achalasia will 
contribute to multiple complications including obstructive 
symptoms, overflow fecal incontinence, and fecal stasis asso-
ciated with increased risk of HAEC. For these patients, Botox 
injection into the IAS is very effective at facilitating stooling 
and decreasing hospitalization.87 For patients for whom 
Botox injection is helpful, they may undergo repeat injec-
tions as frequently as every 3–6 months. Stem cell therapy 
is being pursued as a treatment for IAS incontinence, and 
therefore may be a possible option both for primary IAS 
achalasia and for post-operative issues due to IAS injury or 
dysfunction.88 89 Patients that benefit from botulinum injec-
tion following pull-through procedure may therefore be 
ideal candidates for regenerative therapy.

Potential of enteric glial cells as neural progenitors
While some groups are pursuing stem cell therapy as a 
potential treatment for neurointestinal disease, others are 
attempting to activate the endogenous neural progenitor 
cells that are still present in the gut. Postnatal enteric neuro-
genesis arises from the transdifferentiation of a subset of 
EGCs.90–95 Adult enteric neurogenesis does not occur under 
normal, steady-state conditions, but rather only after specific 
perturbations and/or injury to the intestine. In one study, 
a subset of EGCs were found to differentiate into enteric 
neurons after the direct chemical ablation of the myenteric 

plexus,90 whereas another group found that chemical colitis 
triggered robust neurogenesis by Plp1+ and Sox2+ EGCs.92 It 
is now understood that certain EGCs can become neurons 
under the appropriate conditions; however, the exact subtype 
of EGCs capable of this response and the specific conditions 
required to trigger this response are not well understood. 
Prior in silico work revealed that Gfap+ intraganglionic 
EGCs retain open chromatin at loci associated with neuronal 
differentiation and therefore remain epigenetically poised to 
become neurons, suggesting that this subtype of EGCs can 
be a source of new neurons.94

EGCs are widely distributed throughout all the layers of 
the gut wall, including within the submucosal and myenteric 
ganglia, and in close association with the nerve fibers that 
extend into the mucosa and intramuscular space.96 97 
EGCs have been categorized into four types based on their 
morphology and location: type I EGCs have astrocyte-like 
morphology and reside within the ganglia, type II EGCs 
have a fibrous morphology and reside within intergangli-
onic connectives, type III EGCs are located outside the 
ganglia in close association with neuronal fibers at the level 
of the myenteric plexus, and type IV EGCs have a bipolar 
morphology and reside within the smooth muscle layers 
directly adjacent to nerve fibers.96 Glial cells, in the form 
of Schwann cells, also reside along the extrinsic nerve 
fibers, which are hypertrophied in the aganglionic region 
of HSCR.98 While multiple studies have shown glial cells 
residing within these hypertrophic nerve bundles,99 100 there 
has only been one report of a population of EGCs inhabiting 
the intramuscular space in HSCR.97 Demonstrating the acti-
vation and transdifferentiation of endogenous EGCs, investi-
gators showed that rectal administration of GDNF via enema 
induced the proliferation of Schwann cells from the extrinsic 
nerve fibers and led to the generation of new neurons.99 
We are currently studying the neurogenic potential of the 
endogenous glia that reside within the intramuscular space 
in HSCR, which, if able to be activated to undergo neurogen-
esis, could represent a potential new therapy for HSCR.

CONCLUSION
Hirschsprung disease is the most common congenital 
neurointestinal disease. Since its description in 1886, the 
medical community has made significant advances in under-
standing the pathophysiology of the disease, making the 
diagnosis quickly and accurately, and managing the disease 
in the pre-operative, operative, and post-operative periods. 
However, long-term outcomes remain suboptimal and there 
is substantial room for improvement. We anticipate future 
changes in the management of HSCR to include the optimi-
zation of diagnostics using non-invasive imaging techniques 
and the aid of AI to review pathology slides, improvements 
in our understanding of the correlation between genotype 
and disease phenotype, as well as the predictive potential of 
long-term bowel function from the surgical resection spec-
imen. Finally, we expect that regenerative cell therapy could 
become a novel strategy for treating the disease by replacing 
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the missing enteric neurons and potentially eliminating the 
need for pull-through surgery.

Contributors  JLM: writing—original draft preparation; RH: writing—review 
and editing. All authors have read and agreed to the published version of the 
manuscript.

Funding  This study was funded by National Institute of Health (F32DK131792).

Competing interests  None declared.

Patient consent for publication  Not applicable.

Ethics approval  Not applicable.

Provenance and peer review  Part of a Topic Collection; not commissioned; 
externally peer reviewed.

Data availability statement  No data are available.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the 
use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Jessica L Mueller http://orcid.org/0000-0003-1829-0141

REFERENCES
	 1	 Mueller JL, Goldstein AM. The science of Hirschsprung disease: 

What we know and where we are headed. Semin Pediatr Surg 
2022;31:151157. 

	 2	 Furness JB, Callaghan BP, Rivera LR, et al. The enteric nervous 
system and gastrointestinal innervation: integrated local and central 
control. Adv Exp Med Biol 2014;817:39–71. 

	 3	 Grubišić V, Gulbransen BD. Enteric glia: the most alimentary of all 
glia. J Physiol 2017;595:557–70. 

	 4	 Gershon MD. The Enteric Nervous System: A Second Brain. Hosp 
Pract (1995) 1999;34:31–52. 

	 5	 Nagy N, Goldstein AM. Enteric nervous system development: A 
crest cell’s journey from neural tube to colon. Semin Cell Dev Biol 
2017;66:94–106. 

	 6	 Wallace AS, Burns AJ. Development of the enteric nervous 
system, smooth muscle and interstitial cells of Cajal in the human 
gastrointestinal tract. Cell Tissue Res 2005;319:367–82. 

	 7	 Burns AJ, Douarin NM. The sacral neural crest contributes neurons 
and glia to the post-umbilical gut: spatiotemporal analysis of 
the development of the enteric nervous system. Development 
1998;125:4335–47. 

	 8	 Wang X, Chan AKK, Sham MH, et al. Analysis of the sacral neural 
crest cell contribution to the hindgut enteric nervous system in the 
mouse embryo. Gastroenterology 2011;141:992–1002. 

	 9	 Uesaka T, Okamoto M, Nagashimada M, et al. Enhanced enteric 
neurogenesis by Schwann cell precursors in mouse models of 
Hirschsprung disease. Glia 2021;69:2575–90. 

	 10	 Uesaka T, Nagashimada M, Enomoto H. Neuronal Differentiation 
in Schwann Cell Lineage Underlies Postnatal Neurogenesis in the 
Enteric Nervous System. J Neurosci 2015;35:9879–88. 

	 11	 Goldstein AM, Hofstra RMW, Burns AJ. Building a brain in the 
gut: development of the enteric nervous system. Clin Genet 
2013;83:307–16. 

	 12	 Goldstein AM, Thapar N, Karunaratne TB, et al. Clinical aspects of 
neurointestinal disease: Pathophysiology, diagnosis, and treatment. 
Dev Biol 2016;417:217–28. 

	 13	 Laughlin DM, Friedmacher F, Puri P. Total colonic aganglionosis: a 
systematic review and meta-analysis of long-term clinical outcome. 
Pediatr Surg Int 2012;28:773–9. 

	 14	 Putnam LR, John SD, Greenfield SA, et al. The utility of the contrast 
enema in neonates with suspected Hirschsprung disease. J Pediatr 
Surg 2015;50:963–6. 

	 15	 Kobayashi H, Hirakawa H, Puri P. Abnormal internal anal sphincter 
innervation in patients with Hirschsprung’s disease and allied 
disorders. J Pediatr Surg 1996;31:794–9. 

	 16	 Tran VQ, Lam KT, Truong DQ, et al. Diagnostic value of rectal 
suction biopsies using calretinin immunohistochemical staining in 
Hirschsprung’s disease. J Pediatr Surg 2016;51:2005–9. 

	 17	 Westfal ML, Goldstein AM. Pediatric enteric neuropathies: 
diagnosis and current management. Curr Opin Pediatr 
2017;29:347–53. 

	 18	 Langer JC, Durrant AC, de la Torre L, et al. One-stage transanal 
Soave pullthrough for Hirschsprung disease: a multicenter 
experience with 141 children. Ann Surg 2003;238:569–83. 

	 19	 Swenson O, Rheinlander HF, Diamond I. Hirschsprung’s disease; a 
new concept of the etiology; operative results in 34 patients. N Engl 
J Med 1949;241:551–6. 

	 20	 Yancey-Soave F. Hirschsprung’s disease. Technique and results of 
Soave’s operation. Br J Surg 1966;53:1023–7. 

	 21	 Duhamel B. Retrorectal and transanal pull-through procedure 
for the treatment of hirschsprung’s disease. Dis Colon Rectum 
1964;7:455–8. 

	 22	 Zani A, Eaton S, Morini F, et al. European Paediatric Surgeons’ 
Association Survey on the Management of Hirschsprung Disease. 
Eur J Pediatr Surg 2017;27:96–101. 

	 23	 Zimmer J, Tomuschat C, Puri P. Long-term results of transanal pull-
through for Hirschsprung’s disease: a meta-analysis. Pediatr Res 
2016;80:729–33. 

	 24	 Neuvonen MI, Kyrklund K, Lindahl HG, et al. A population-
based, complete follow-up of 146 consecutive patients after 
transanal mucosectomy for Hirschsprung disease. J Pediatr Surg 
2015;50:1653–8. 

	 25	 Catto‐Smith AG, Trajanovska M, Taylor RG. Long‐term continence 
after surgery for Hirschsprung’s disease. J Gastro Hepatol 
2007;22:2273–82. 

	 26	 Jarvi K, Laitakari EM, Koivusalo A, et al. Bowel function and 
gastrointestinal quality of life among adults operated for 
Hirschsprung disease during childhood: a population-based study. 
Ann Surg 2010;252:977–81. 

	 27	 Niramis R, Watanatittan S, Anuntkosol M, et al. Quality of life of 
patients with Hirschsprung’s disease at 5 - 20 years post pull-
through operations. Eur J Pediatr Surg 2008;18:38–43. 

	 28	 Neuvonen MI, Kyrklund K, Rintala RJ, et al. Bowel Function 
and Quality of Life After Transanal Endorectal Pull-through for 
Hirschsprung Disease: Controlled Outcomes up to Adulthood. Ann 
Surg 2017;265:622–9. 

	 29	 Rintala RJ, Pakarinen MP. Long-term outcomes of Hirschsprung’s 
disease. Semin Pediatr Surg 2012;21:336–43. 

	 30	 Langer JC, Rollins MD, Levitt M, et al. Guidelines for the 
management of postoperative obstructive symptoms in children 
with Hirschsprung disease. Pediatr Surg Int 2017;33:523–6. 

	 31	 Yanchar NL, Soucy P. Long-term outcome after Hirschsprung’s 
disease: patients’ perspectives. J Pediatr Surg 1999;34:1152–60. 

	 32	 El-Sawaf M, Siddiqui S, Mahmoud M, et al. Probiotic prophylaxis 
after pullthrough for Hirschsprung disease to reduce incidence of 
enterocolitis: a prospective, randomized, double-blind, placebo-
controlled, multicenter trial. J Pediatr Surg 2013;48:111–7. 

	 33	 Haricharan RN, Seo J-M, Kelly DR, et al. Older age at diagnosis of 
Hirschsprung disease decreases risk of postoperative enterocolitis, 
but resection of additional ganglionated bowel does not. J Pediatr 
Surg 2008;43:1115–23. 

	 34	 Austin KM. The pathogenesis of Hirschsprung’s disease-associated 
enterocolitis. Semin Pediatr Surg 2012;21:319–27. 

	 35	 Friedmacher F, Puri P. Rectal suction biopsy for the diagnosis of 
Hirschsprung’s disease: a systematic review of diagnostic accuracy 
and complications. Pediatr Surg Int 2015;31:821–30. 

	 36	 Frykman PK, Lindsley EH, Gaon M, et al. Spectral imaging 
for precise surgical intervention in Hirschsprung’s disease. J 
Biophotonics 2008;1:97–103. 

	 37	 Dubois A, Vabre L, Boccara AC, et al. High-resolution full-field 
optical coherence tomography with a Linnik microscope. Appl Opt 
2002;41:805–12. 

	 38	 Coron E, Auksorius E, Pieretti A, et al. Full‐field optical coherence 
microscopy is a novel technique for imaging enteric ganglia 
in the gastrointestinal tract. Neurogastroenterology Motil 
2012;24:e611–21. 

	 39	 Durand T, Paul-Gilloteaux P, Gora M, et al. Visualizing enteric 
nervous system activity through dye-free dynamic full-field optical 
coherence tomography. Commun Biol 2023;6:236. 

	 40	 Sumiyama K, Kiesslich R, Ohya TR, et al. In vivo imaging of 
enteric neuronal networks in humans using confocal laser 
endomicroscopy. Gastroenterology 2012;143:1152–3. 

	 41	 Granéli C, Erlöv T, Mitev RM, et al. Ultra high frequency 
ultrasonography to distinguish ganglionic from aganglionic 
bowel wall in Hirschsprung disease: A first report. J Pediatr Surg 
2021;56:2281–5. 

	 42	 Kulkarni S, Seneviratne N, Baig MS, et al. Artificial Intelligence in 
Medicine: Where Are We Now? Acad Radiol 2020;27:62–70. 

	 43	 Duci M, Magoni A, Santoro L, et al. Enhancing diagnosis of 
Hirschsprung’s disease using deep learning from histological 
sections of post pull-through specimens: preliminary results. 
Pediatr Surg Int 2023;40:12. 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-1829-0141
http://dx.doi.org/10.1016/j.sempedsurg.2022.151157
http://dx.doi.org/10.1007/978-1-4939-0897-4_3
http://dx.doi.org/10.1113/JP271021
http://dx.doi.org/10.3810/hp.1999.07.153
http://dx.doi.org/10.3810/hp.1999.07.153
http://dx.doi.org/10.1016/j.semcdb.2017.01.006
http://dx.doi.org/10.1007/s00441-004-1023-2
http://dx.doi.org/10.1242/dev.125.21.4335
http://dx.doi.org/10.1053/j.gastro.2011.06.002
http://dx.doi.org/10.1002/glia.24059
http://dx.doi.org/10.1523/JNEUROSCI.1239-15.2015
http://dx.doi.org/10.1111/cge.12054
http://dx.doi.org/10.1016/j.ydbio.2016.03.032
http://dx.doi.org/10.1007/s00383-012-3117-3
http://dx.doi.org/10.1016/j.jpedsurg.2015.03.019
http://dx.doi.org/10.1016/j.jpedsurg.2015.03.019
http://dx.doi.org/10.1016/s0022-3468(96)90136-0
http://dx.doi.org/10.1016/j.jpedsurg.2016.09.027
http://dx.doi.org/10.1097/MOP.0000000000000486
http://dx.doi.org/10.1097/01.sla.0000089854.00436.cd
http://dx.doi.org/10.1056/NEJM194910132411501
http://dx.doi.org/10.1056/NEJM194910132411501
http://dx.doi.org/10.1002/bjs.1800531204
http://dx.doi.org/10.1007/BF02616871
http://dx.doi.org/10.1055/s-0036-1593991
http://dx.doi.org/10.1007/s00383-016-3908-z
http://dx.doi.org/10.1016/j.jpedsurg.2015.02.006
http://dx.doi.org/10.1111/j.1440-1746.2006.04750.x
http://dx.doi.org/10.1097/SLA.0b013e3182018542
http://dx.doi.org/10.1055/s-2008-1038325
http://dx.doi.org/10.1097/SLA.0000000000001695
http://dx.doi.org/10.1097/SLA.0000000000001695
http://dx.doi.org/10.1053/j.sempedsurg.2012.07.008
http://dx.doi.org/10.1007/s00383-017-4066-7
http://dx.doi.org/10.1016/s0022-3468(99)90588-2
http://dx.doi.org/10.1016/j.jpedsurg.2012.10.028
http://dx.doi.org/10.1016/j.jpedsurg.2008.02.039
http://dx.doi.org/10.1016/j.jpedsurg.2008.02.039
http://dx.doi.org/10.1053/j.sempedsurg.2012.07.006
http://dx.doi.org/10.1007/s00383-015-3742-8
http://dx.doi.org/10.1002/jbio.200710016
http://dx.doi.org/10.1002/jbio.200710016
http://dx.doi.org/10.1364/ao.41.000805
http://dx.doi.org/10.1111/nmo.12035
http://dx.doi.org/10.1038/s42003-023-04593-9
http://dx.doi.org/10.1053/j.gastro.2012.09.001
http://dx.doi.org/10.1016/j.jpedsurg.2021.02.011
http://dx.doi.org/10.1016/j.acra.2019.10.001
http://dx.doi.org/10.1007/s00383-023-05590-z


7Mueller JL, Hotta R. World J Pediatr Surg 2025;8:e000860. doi:10.1136/wjps-2024-000860

Open access

	 44	 Greenberg A, Aizic A, Zubkov A, et al. Automatic ganglion cell 
detection for improving the efficiency and accuracy of hirschprung 
disease diagnosis. Sci Rep 2021;11:3306. 

	 45	 Tilghman JM, Ling AY, Turner TN, et al. Molecular Genetic 
Anatomy and Risk Profile of Hirschsprung’s Disease. N Engl J Med 
2019;380:1421–32. 

	 46	 Jaroy EG, Acosta-Jimenez L, Hotta R, et al. “Too much guts and 
not enough brains”: (epi)genetic mechanisms and future therapies 
of Hirschsprung disease - a review. Clin Epigenetics 2019;11:135. 

	 47	 Hearn CJ, Murphy M, Newgreen D. GDNF and ET-3 Differentially 
Modulate the Numbers of Avian Enteric Neural Crest Cells and 
Enteric Neuronsin Vitro. Dev Biol (NY) 1998;197:93–105. 

	 48	 Heuckeroth RO, Lampe PA, Johnson EM, et al. Neurturin and 
GDNF promote proliferation and survival of enteric neuron and glial 
progenitors in vitro. Dev Biol 1998;200:116–29. 

	 49	 Hofstra RMW, Wu Y, Stulp RP, et al. RET andGDNF gene scanning 
in Hirschsprung patients using two dual denaturing gel systems. 
Hum Mutat 2000;15:418–29. 

	 50	 Virtanen VB, Salo PP, Cao J, et al. Noncoding RET variants 
explain the strong association with Hirschsprung disease in 
patients without rare coding sequence variant. Eur J Med Genet 
2019;62:229–34. 

	 51	 Torroglosa A, Alves MM, Fernández RM, et al. Epigenetics 
in ENS development and Hirschsprung disease. Dev Biol 
2016;417:209–16. 

	 52	 Zhu JJ, Kam MK, Garcia-Barceló M-M, et al. HOXB5 binds to multi-
species conserved sequence (MCS+9.7) of RET gene and regulates 
RET expression. Int J Biochem Cell Biol 2014;51:142–9. 

	 53	 Kaya-Okur HS, Wu SJ, Codomo CA, et al. CUT&Tag for efficient 
epigenomic profiling of small samples and single cells. Nat 
Commun 2019;10:1930. 

	 54	 Satpathy AT, Granja JM, Yost KE, et al. Massively parallel single-
cell chromatin landscapes of human immune cell development and 
intratumoral T cell exhaustion. Nat Biotechnol 2019;37:925–36. 

	 55	 Musser MA, Correa H, Southard-Smith EM. Enteric neuron 
imbalance and proximal dysmotility in ganglionated intestine of 
the Sox10Dom/+ Hirschsprung mouse model. Cell Mol Gastroenterol 
Hepatol 2015;1:87–101. 

	 56	 Zaitoun I, Erickson CS, Barlow AJ, et al. Altered neuronal density 
and neurotransmitter expression in the ganglionated region 
of Ednrb null mice: implications for Hirschsprung’s disease. 
Neurogastroenterol Motil 2013;25:e233–44. 

	 57	 Almond S, Lindley RM, Kenny SE, et al. Characterisation and 
transplantation of enteric nervous system progenitor cells. Gut 
2007;56:489–96. 

	 58	 Lindley RM, Hawcutt DB, Connell MG, et al. Human and mouse 
enteric nervous system neurosphere transplants regulate the 
function of aganglionic embryonic distal colon. Gastroenterology 
2008;135:205–16. 

	 59	 Rauch U, Hänsgen A, Hagl C, et al. Isolation and cultivation of 
neuronal precursor cells from the developing human enteric 
nervous system as a tool for cell therapy in dysganglionosis. Int J 
Colorectal Dis 2006;21:554–9. 

	 60	 Metzger M, Bareiss PM, Danker T, et al. Expansion and 
differentiation of neural progenitors derived from the human adult 
enteric nervous system. Gastroenterology 2009;137:2063–73. 

	 61	 Cheng LS, Graham HK, Pan WH, et al. Optimizing neurogenic 
potential of enteric neurospheres for treatment of neurointestinal 
diseases. J Surg Res 2016;206:451–9. 

	 62	 Metzger M, Caldwell C, Barlow AJ, et al. Enteric nervous system 
stem cells derived from human gut mucosa for the treatment of 
aganglionic gut disorders. Gastroenterology 2009;136:2214–25. 

	 63	 Cheng LS, Hotta R, Graham HK, et al. Postnatal human enteric 
neuronal progenitors can migrate, differentiate, and proliferate in 
embryonic and postnatal aganglionic gut environments. Pediatr 
Res 2017;81:838–46. 

	 64	 Cheng LS, Hotta R, Graham HK, et al. Endoscopic delivery 
of enteric neural stem cells to treat Hirschsprung disease. 
Neurogastroenterol Motil 2015;27:1509–14. 

	 65	 Hotta R, Pan W, Bhave S, et al. Isolation, Expansion, and 
Endoscopic Delivery of Autologous Enteric Neuronal Stem Cells in 
Swine. Cell Transplant 2023;32:9636897231215233. 

	 66	 Lindley RM, Hawcutt DB, Connell MG, et al. Properties 
of secondary and tertiary human enteric nervous system 
neurospheres. J Pediatr Surg 2009;44:1249–55; . 

	 67	 Hotta R, Stamp LA, Foong JPP, et al. Transplanted progenitors 
generate functional enteric neurons in the postnatal colon. J Clin 
Invest 2013;123:65963:1182–91:. 

	 68	 Hotta R, Cheng LS, Graham HK, et al. Isogenic enteric neural 
progenitor cells can replace missing neurons and glia in mice with 
Hirschsprung disease. Neurogastroenterol Motil 2016;28:498–512. 

	 69	 Pan W, Rahman AA, Ohkura T, et al. Autologous cell transplantation 
for treatment of colorectal aganglionosis in mice. Nat Commun 
2024;15:2479. 

	 70	 Fan Y, Hackland J, Baggiolini A, et al. hPSC-derived sacral neural 
crest enables rescue in a severe model of Hirschsprung’s disease. 
Cell Stem Cell 2023;30:264–82. 

	 71	 Hetz S, Acikgoez A, Voss U, et al. In Vivo Transplantation of 
Neurosphere-Like Bodies Derived from the Human Postnatal 
and Adult Enteric Nervous System: A Pilot Study. PLoS One 
2014;9:e93605. 

	 72	 Bondurand N, Natarajan D, Thapar N, et al. Neuron and glia 
generating progenitors of the mammalian enteric nervous system 
isolated from foetal and postnatal gut cultures. Development 
2003;130:6387–400. 

	 73	 Hotta R, Cheng L, Graham HK, et al. Delivery of enteric neural 
progenitors with 5-HT4 agonist-loaded nanoparticles and 
thermosensitive hydrogel enhances cell proliferation and 
differentiation following transplantation in vivo. Biomaterials 
2016;88:1–11. 

	 74	 Mallapragada SK, Brenza TM, McMillan JM, et al. Enabling 
nanomaterial, nanofabrication and cellular technologies for 
nanoneuromedicines. Nanomedicine (Chichester) 2015;11:715–29. 

	 75	 McKeown SJ, Mohsenipour M, Bergner AJ, et al. Exposure 
to GDNF Enhances the Ability of Enteric Neural Progenitors 
to Generate an Enteric Nervous System. Stem Cell Reports 
2017;8:476–88. 

	 76	 Mueller JL, Stavely R, Guyer RA, et al. Agrin Inhibition in Enteric 
Neural Stem Cells Enhances Their Migration Following Colonic 
Transplantation. Stem Cells Transl Med 2024;13:490–504. 

	 77	 Wagner JP, Sullins VF, Dunn JCY. Transplanted skin-derived 
precursor stem cells generate enteric ganglion-like structures in 
vivo. J Pediatr Surg 2014;49:1319–24. 

	 78	 Thomas A-L, Taylor JS, Huynh N, et al. Autologous Transplantation 
of Skin-Derived Precursor Cells in a Porcine Model. J Pediatr Surg 
2020;55:194–200. 

	 79	 Thomas A-L, Taylor JS, Dunn JCY. Human skin-derived 
precursor cells xenografted in aganglionic bowel. J Pediatr Surg 
2020;55:2791–6. 

	 80	 Gronthos S, Mankani M, Brahim J, et al. Postnatal human dental 
pulp stem cells (DPSCs) in vitro and in vivo. Proc Natl Acad Sci U S 
A 2000;97:13625–30. 

	 81	 Nuti N, Corallo C, Chan BMF, et al. Multipotent Differentiation of 
Human Dental Pulp Stem Cells: a Literature Review. Stem Cell Rev 
Rep 2016;12:511–23. 

	 82	 Sakai K, Yamamoto A, Matsubara K, et al. Human dental pulp-
derived stem cells promote locomotor recovery after complete 
transection of the rat spinal cord by multiple neuro-regenerative 
mechanisms. J Clin Invest 2012;122:80–90. 

	 83	 Stavely R, Hotta R, Picard N, et al. Schwann cells in the 
subcutaneous adipose tissue have neurogenic potential and can be 
used for regenerative therapies. Sci Transl Med 2022;14:eabl8753. 

	 84	 Ott LC, Han CY, Mueller JL, et al. Bone Marrow Stem Cells Derived 
from Nerves Have Neurogenic Properties and Potential Utility for 
Regenerative Therapy. Int J Mol Sci 2023;24:5211. 

	 85	 Fattahi F, Steinbeck JA, Kriks S, et al. Deriving human ENS lineages 
for cell therapy and drug discovery in Hirschsprung disease. Nature 
New Biol 2016;531:105–9. 

	 86	 Tomita R, Fujisaki S, Tanjoh K, et al. Role of nitric oxide in the 
internal anal sphincter of hirschsprung’s disease. World j surg 
2002;26:1493–8. 

	 87	 Patrus B, Nasr A, Langer JC, et al. Intrasphincteric botulinum toxin 
decreases the rate of hospitalization for postoperative obstructive 
symptoms in children with Hirschsprung disease. J Pediatr Surg 
2011;46:184–7. 

	 88	 Balaphas A, Meyer J, Meier RPH, et al. Cell Therapy for Anal 
Sphincter Incontinence: Where Do We Stand? Cells 2021;10:2086. 

	 89	 Gräs S, Tolstrup CK, Lose G. Regenerative medicine provides 
alternative strategies for the treatment of anal incontinence. Int 
Urogynecol J 2017;28:341–50. 

	 90	 Laranjeira C, Sandgren K, Kessaris N, et al. Glial cells in the mouse 
enteric nervous system can undergo neurogenesis in response to 
injury. J Clin Invest 2011;121:3412–24. 

	 91	 Joseph NM, He S, Quintana E, et al. Enteric glia are multipotent in 
culture but primarily form glia in the adult rodent gut. J Clin Invest 
2011;121:3398–411. 

	 92	 Belkind-Gerson J, Graham HK, Reynolds J, et al. Colitis promotes 
neuronal differentiation of Sox2+ and PLP1+ enteric cells. Sci Rep 
2017;7:2525. 

	 93	 Belkind-Gerson J, Hotta R, Nagy N, et al. Colitis induces enteric 
neurogenesis through a 5-HT4-dependent mechanism. Inflamm 
Bowel Dis 2015;21:870–8. 

http://dx.doi.org/10.1038/s41598-021-82869-y
http://dx.doi.org/10.1056/NEJMoa1706594
http://dx.doi.org/10.1186/s13148-019-0718-x
http://dx.doi.org/10.1006/dbio.1998.8876
http://dx.doi.org/10.1006/dbio.1998.8955
http://dx.doi.org/10.1002/(SICI)1098-1004(200005)15:5<418::AID-HUMU3>3.0.CO;2-2
http://dx.doi.org/10.1016/j.ejmg.2018.07.019
http://dx.doi.org/10.1016/j.ydbio.2016.06.017
http://dx.doi.org/10.1016/j.biocel.2014.04.013
http://dx.doi.org/10.1038/s41467-019-09982-5
http://dx.doi.org/10.1038/s41467-019-09982-5
http://dx.doi.org/10.1038/s41587-019-0206-z
http://dx.doi.org/10.1016/j.jcmgh.2014.08.002
http://dx.doi.org/10.1016/j.jcmgh.2014.08.002
http://dx.doi.org/10.1111/nmo.12083
http://dx.doi.org/10.1136/gut.2006.094565
http://dx.doi.org/10.1053/j.gastro.2008.03.035
http://dx.doi.org/10.1007/s00384-005-0051-z
http://dx.doi.org/10.1007/s00384-005-0051-z
http://dx.doi.org/10.1053/j.gastro.2009.06.038
http://dx.doi.org/10.1016/j.jss.2016.08.035
http://dx.doi.org/10.1053/j.gastro.2009.02.048
http://dx.doi.org/10.1038/pr.2017.4
http://dx.doi.org/10.1038/pr.2017.4
http://dx.doi.org/10.1111/nmo.12635
http://dx.doi.org/10.1177/09636897231215233
http://dx.doi.org/10.1016/j.jpedsurg.2009.02.048
http://dx.doi.org/10.1172/JCI65963
http://dx.doi.org/10.1172/JCI65963
http://dx.doi.org/10.1111/nmo.12744
http://dx.doi.org/10.1038/s41467-024-46793-9
http://dx.doi.org/10.1016/j.stem.2023.02.003
http://dx.doi.org/10.1371/journal.pone.0093605
http://dx.doi.org/10.1242/dev.00857
http://dx.doi.org/10.1016/j.biomaterials.2016.02.016
http://dx.doi.org/10.1016/j.nano.2014.12.013
http://dx.doi.org/10.1016/j.stemcr.2016.12.013
http://dx.doi.org/10.1093/stcltm/szae013
http://dx.doi.org/10.1016/j.jpedsurg.2014.01.061
http://dx.doi.org/10.1016/j.jpedsurg.2019.09.075
http://dx.doi.org/10.1016/j.jpedsurg.2020.03.006
http://dx.doi.org/10.1073/pnas.240309797
http://dx.doi.org/10.1073/pnas.240309797
http://dx.doi.org/10.1007/s12015-016-9661-9
http://dx.doi.org/10.1007/s12015-016-9661-9
http://dx.doi.org/10.1172/JCI59251
http://dx.doi.org/10.1126/scitranslmed.abl8753
http://dx.doi.org/10.3390/ijms24065211
http://dx.doi.org/10.1038/nature16951
http://dx.doi.org/10.1038/nature16951
http://dx.doi.org/10.1007/s00268-002-6384-7
http://dx.doi.org/10.1016/j.jpedsurg.2010.09.089
http://dx.doi.org/10.3390/cells10082086
http://dx.doi.org/10.1007/s00192-016-3064-y
http://dx.doi.org/10.1007/s00192-016-3064-y
http://dx.doi.org/10.1172/JCI58200
http://dx.doi.org/10.1172/JCI58186
http://dx.doi.org/10.1038/s41598-017-02890-y
http://dx.doi.org/10.1097/MIB.0000000000000326
http://dx.doi.org/10.1097/MIB.0000000000000326


8 Mueller JL, Hotta R. World J Pediatr Surg 2025;8:e000860. doi:10.1136/wjps-2024-000860

Open access

	 94	 Guyer RA, Stavely R, Robertson K, et al. Single-cell multiome 
sequencing clarifies enteric glial diversity and identifies an 
intraganglionic population poised for neurogenesis. Cell Rep 
2023;42:112194. 

	 95	 Laddach A, Chng SH, Lasrado R, et al. A branching model of 
lineage differentiation underpinning the neurogenic potential of 
enteric glia. Nat Commun 2023;14:5904. 

	 96	 Boesmans W, Lasrado R, Vanden Berghe P, et al. Heterogeneity 
and phenotypic plasticity of glial cells in the mammalian enteric 
nervous system. Glia 2015;63:229–41. 

	 97	 Boesmans W, Nash A, Tasnády KR, et al. Development, Diversity, 
and Neurogenic Capacity of Enteric Glia. Front Cell Dev Biol 
2021;9:775102. 

	 98	 Veras LV, Arnold M, Avansino JR, et al. Guidelines for synoptic 
reporting of surgery and pathology in Hirschsprung disease. J 
Pediatr Surg 2019;54:2017–23. 

	 99	 Soret R, Schneider S, Bernas G, et al. Glial Cell-Derived 
Neurotrophic Factor Induces Enteric Neurogenesis and Improves 
Colon Structure and Function in Mouse Models of Hirschsprung 
Disease. Gastroenterology 2020;159:1824–38. 

	100	 Graham KD, López SH, Sengupta R, et al. Robust, 3-Dimensional 
Visualization of Human Colon Enteric Nervous System Without 
Tissue Sectioning. Gastroenterology 2020;158:2221–35. 

http://dx.doi.org/10.1016/j.celrep.2023.112194
http://dx.doi.org/10.1038/s41467-023-41492-3
http://dx.doi.org/10.1002/glia.22746
http://dx.doi.org/10.3389/fcell.2021.775102
http://dx.doi.org/10.1016/j.jpedsurg.2019.03.010
http://dx.doi.org/10.1016/j.jpedsurg.2019.03.010
http://dx.doi.org/10.1053/j.gastro.2020.07.018
http://dx.doi.org/10.1053/j.gastro.2020.02.035

	Effect of allergic bronchopulmonary aspergillosis on FEV﻿1﻿ in children and adolescents with cystic fibrosis: a European Cystic Fibrosis Society Patient Registry analysis
	Patients and methods
	Patients included and definitions of variables
	Spirometry
	Primary outcome measures and explanatory variables
	Data analysis

	Results
	Participant characteristics
	Effect of ABPA on FEV﻿1﻿ percent predicted values adjusted for other explanatory variables


	Current and future state of the management of Hirschsprung disease
	Abstract
	Background
	Current management of HSCR
	Future management of HSCR
	Non-invasive diagnosis
	Artificial intelligence to improve diagnostic accuracy
	Genotype-phenotype correlation
	Cell therapy for HSCR
	Cell sources
	Optimization to maximize the efficacy of cell therapy
	Attempts to circumvent immunological challenges
	Use of cell therapy as an adjunct treatment for HSCR
	Potential of enteric glial cells as neural progenitors


	Conclusion
	References


