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Abstract: Hirschsprung disease (HSCR) is characterised by the absence of enteric ganglia along
variable lengths of the distal bowel. Current gold standard treatment involves the surgical resection of
the defective, aganglionic bowel. Clear and reliable distinction of the normoganglionated bowel from
the transition zone is key for successful resection of the entire defective bowel, and the avoidance of
subsequent postoperative complications. However, the intraoperative nature of the tissue analysis and
the variability of patient samples, sample preparation, and operator objectivity, make reproducible
identification of the transition zone difficult. Here, we have described a novel method for using
muscle units as a distinctive landmark for quantifying the density of enteric ganglia in resection
specimens from HSCR patients. We show that the muscle unit to ganglion ratio is greater in the
transition zone when compared with the proximal, normoganglionated region for long-segment
HSCR patients. Patients with short-segment HSCR were also investigated, however, the muscle unit
to ganglion ratio was not significantly different in these patients. Immunohistochemical examination
of individual ganglia showed that there were no differences in the proportions of either enteric
neurons or glial cells through the different regions of the resected colon. In addition, we identified
that the size of enteric ganglia was smaller for patients that went on to develop HSCR associated
enterocolitis; although the density of ganglia, as determined by the muscle unit to ganglia ratio,
was not different when compared with patients that had no further complications. This suggests
that subtle changes in the enteric nervous system, even in the “normoganglionated” colon, could be
involved in changes in immune function and subsequent bacterial dysbiosis.

Keywords: Hirschsprung disease; enteric nervous system; transition zone; enterocolitis

1. Introduction

The enteric nervous system (ENS) is a complex network of neurons and glia in the
gastrointestinal tract that regulates its motility, secretory, absorptive and immune func-
tions [1]. In humans, it consists of approximately 500 million neurons, distributed between
the myenteric plexus and the submucosal plexus. Neuronal cell bodies are clustered in a
series of interconnecting ganglia, which run along the entire length of the gastrointestinal
tract. Closely associated with neurons, glial cells offer mechanical support and also have
important roles in gut homeostasis and neurotransmission [2]. All neurons and glia of the
ENS develop from neural crest-derived cells, most of which arise from the vagal region of
the neural tube, migrating into the gut during weeks four to seven of human gestation [3,4].
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Studies in animal models have shown that sacral-level neural crest and Schwann cell pre-
cursors also migrate into the gut and form the ENS [5,6], however, to what degree they
contribute to the final ENS population in humans is yet to be determined.

Hirschsprung disease (HSCR), also known as congenital aganglionosis, is characterised
by the absence of the ENS in variable segments of the distal bowel. HSCR results from the
failure of neural crest cells to appropriately migrate, proliferate or differentiate, leading to
the development of an aganglionic zone. Clinically, the uncoordinated and tonic muscle
contraction of the gut in HSCR results in functional obstruction of a variable length of
colon, which may be fatal if left untreated [7]. Phenotypes of HSCR depend on the length
of affected bowel. Short-segment disease, defined as aganglionosis to the junction of
the descending colon and sigmoid colon, accounts for 60–85% of patients; long-segment
disease (10% of patients) is characterised by aganglionosis proximal to the sigmoid colon
with ganglion cells present in the colon; and total colonic aganglionosis is defined as
aganglionosis of the entire colon extending into the terminal ileum (3–12%) [8–11]. Total
intestinal aganglionosis is exceedingly rare, occurring in less than 1% of patients with
HSCR, and is the most severe form of the disease [12].

Surgical resection of the aganglionic bowel and anastomosis of the proximal normo-
ganglionated bowel to the anorectum is the mainstay management of HSCR to prevent
morbidities and mortality associated with colonic obstruction. However, post-operative
complications, including faecal incontinence (48%), constipation (30%), and enterocolitis
still contribute to significant morbidity for the child [13–16]. Hirschsprung associated
enterocolitis (HAEC) typically occurs in 25–35% of HSCR patients and manifests as fever,
diarrhoea and abdominal distension [17]. Bowel dysmotility, immune dysfunction and the
microbiome are thought to underline the disease process of enterocolitis [18–20], however,
the exact mechanisms are unclear. Changes in ENS structure and innervation have also
recently been implicated [21,22].

Diagnosis of HSCR occurs via rectal biopsies, which demonstrate the absence of enteric
ganglia, and the presence of hypertrophic extrinsic nerves [23]. A transition zone typically
occurs between the “normal” and aganglionic regions, with reduced density of enteric
ganglia [24]. Prior to resection and subsequent anastomosis, intraoperative frozen sections
are usually histologically evaluated by experienced pathologists to avoid “transition zone
pull-through” (TZPT), where anastomosis occurs in the transition zone rather than the nor-
moganglionated region. With an incidence of 14–18%, incomplete resection of the transition
zone has been attributed to many post-operative complications, including obstruction, dys-
motility and HAEC [14,25–28]. The transition zone is histologically characterised by partial
aganglionosis of the bowel circumference, myenteric hypoganglionosis, and hypertrophy
of submucosal and extrinsic nerves [29]. However, the specific criteria on how this is identi-
fied and interpreted by different hospital centres varies greatly. For example, the density of
enteric ganglia can vary greatly, depending on how the tissue is processed and handled
prior to fixation [30,31]. Many studies have also investigated the components of ganglia,
reporting on differences between enteric neuron to glia ratios [31–33]. However, the total
proximal segment of the resected bowel is not consistently evaluated, thereby affecting in-
terpretation of outcomes [25]. This is in part due to the lack of formal protocols for surgical
reporting and pathological evaluation, with recommendations from the American Pediatric
Surgery Association (APSA) Hirschsprung Disease Interest Group only being published
in 2019 [34]. Adding to this, there appears to be much variability in the ENS density and
composition through the “normal” colon [30,32,33,35]. Despite strict intraoperative assess-
ment of frozen sections and examination of full thickness proximal donut specimens prior
to anastomosis, our institution continues to report post-operative complications, including
enterocolitis. It is possible that TZPT is responsible for some of these outcomes, however,
the underlying causes of many of these complications remain unknown.

In this study, we aim to simplify the quantification of enteric ganglion density using
the circular muscle unit as an unbiased measurement tool. By examining enteric ganglia
relative to muscle units, variability from processing methods should have a limited impact
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on neuronal density calculation. To our knowledge, this study would be the first to
investigate the changes in ganglion density in this manner. We hypothesise that the
transition zone may be defined by reduced ganglion density within muscle units, thereby
affecting bowel motility.

2. Materials and Methods
2.1. Enrolment of Patients and Surgical Procedure

Ethics approval was obtained by The Royal Children’s Hospital Research Ethics Com-
mittee (HREC 38262). Between September 2019 and April 2021, 13 consecutive patients
underwent the pull-through procedure for Hirschsprung disease at the Royal Children’s
Hospital, Melbourne, Australia, and were included in this study. Twelve patients un-
derwent Swenson transanal pull-through procedure and one patient with total colonic
aganglionosis had a Duhamel pull-through (Table 1).

Table 1. Patient demographics and severity of disease.

Patient Sex Age at Operation
(months) Phenotype Procedure(s)

Follow-Up Duration
(Months from Date
of Last Procedure)

Complication

HSCR

Patient 1 Female 6 Long—proximal
transverse colon

3: Ileostomy + Swenson +
stoma closure 17 none

Patient 2 * Male 6 Long—proximal
descending colon

3: Ileostomy + Swenson +
stoma closure 11 none

Patient 3 Male 7 Long—distal
transverse colon

3: Ileostomy + Swenson +
stoma closure 11 Three episodes of

enterocolitis

Patient 4 Male 4 Short 3: Ileostomy + Swenson +
stoma closure 12 none

Patient 5 Male 5 Long—distal
descending colon 1: Swenson (no stoma) 15 Three episodes of

enterocolitis

Patient 6 Male 3 Short 1: Swenson (no stoma) 10 none

Patient 7 Male 21 Short 3: Ileostomy + Swenson +
stoma closure 2 none

Patient 8 Male 4 Short—rectal sigmoid
(skip) 2: Colostomy + Swenson 7 Several episodes

of enterocolitis

Patient 9 Male 6 Long 1: Swenson (no stoma) 6 Three episodes of
enterocolitis

Patient 10 Male 3 Short 1: Swenson (no stoma) 6 Constipation

Patient 11 Female 27 Long—transverse
colon

2: Colostomy + Swenson
(ileostomy formed

following pull-through)
- Stoma not yet

closed

Patient 12 Female 5 Long—descending
colon 1: Swenson (no stoma) 13 One episode of

enterocolitis

Patient 13 # Male 27 Total colonic
aganglionosis 2: Ileostomy + Duhamel - Stoma not yet

closed

Control

Patient 1 Male 36 Neonatal necrotizing
enterocolitis

2: Ileostomy + stoma
closure with resection of

strictured bowel
7 N/A (no

follow-up)

* Patient with Waardenburg type IV. # Patient with Down syndrome. Patients 10 and 13 were excluded from
tissue analysis.

For all patients, intraoperative frozen sections were used to identify the ganglionated
bowel. During surgery, histological assessment of the bowel at our institute involves the
use of both serial intestinal biopsies as well as a “doughnut” biopsy taken during bowel
transection. For each patient, serial biopsies (a minimum of 3) were first taken to determine
the location for anastomosis, one as the bowel’s calibre changes at the site of the megacolon,
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one 2 cm proximal to this, and one 2 cm distal to this site. If the most proximal biopsy was
identified to be ganglionated and with an absence of hypertrophic nerve bundles, then no
further biopsies would be taken. However, if the most proximal biopsy did not have any
enteric ganglia, further biopsies proximal to this site would be taken. Once the ganglionated
region of gut was established, a circumferential doughnut of tissue was taken 2 cm proximal
to this site, and the bowel resected at this location. This proximal doughnut of tissue was
sent for histological assessment using haematoxylin and eosin (H&E) and 1% Toluidine
Blue (in 30% alcohol) staining. All the biopsies and the doughnut section from each patient
were examined by an experienced pathologist during the surgery, and anastomosis surgery
only took place if all tissue was determined to be in the normoganglionated gut and out of
the transition zone [36]. Examination of the additional doughnut section is not routine in
all hospitals, and at our institute, it is used to confirm the absence of partial ganglionosis
and avoid transition zone pull-through. In total, patients experienced between one to three
procedures: five patients only had a single pull-through surgery, while eight required a
stoma prior to pull-through surgery. Complications and management strategies for these
patients were found retrospectively using clinical notes, with the follow-up period ending
in May 2021. Only complications identified following the completion of the final procedure
were included. Two patients who still had an open stoma at the conclusion of the follow-up
period were excluded from follow-up analysis.

Data was also obtained from a single control patient, a three-year-old boy who suffered
from neonatal necrotizing enterocolitis as a newborn. A stoma was made at that time
and when the stoma was closed, we found a segmental stricture secondary to neonatal
necrotizing enterocolitis located at sigmoid colon. The strictured colon was 10 cm in length
and it was resected and processed in the same fashion as our HSCR patient tissue.

2.2. Tissue Processing and Immunohistochemistry

Following the operation, a full-thickness longitudinal strip (width = 5 mm, length = en-
tire length of the resected tissue) was taken from the fresh specimen and was stored in cold
PBS for a maximum of two hours, until further processing. The Swiss roll method was
adapted for continuous examination [37]. The strip was divided into sections for ease of
rolling, with the proximal end of the tissue rolled into the centre. On average, tissue from
each patient was divided into 3.8 rolls (range from 1 to 6 rolls, depending on the resected
bowel length). The specimen was fixed in 10% formalin overnight and then embedded into
paraffin. Twenty slices were cut from each roll at 6 µm thickness along the longitudinal axis
of the gut. Due to intraoperative histological evaluation for correct site of anastomosis, we
were not able to include the most proximal 0.5–1 cm bowel segment in the current study.

After deparaffinization, the specimens were immersed in 0.1 M trisodium citrate
(pH 6.0) antigen retrieval solution at 60 ◦C overnight. The samples were then incubated
with primary antibodies at 4 ◦C overnight and secondary antibodies at room temperature
for 2 h. The primary antibodies used were mouse anti-HuC/D (Hu; Molecular Probes,
Eugene Oregon, USA) and rabbit anti-S100B (1:800, DAKO, Agilent, Santa Clara, CA, USA).
Secondary antibodies were donkey anti-mouse Alexa 594 (1:500, Molecular Probes), donkey
anti-rabbit Alexa 488 (1:800, Molecular Probes), and DAPI.

2.3. Image Analysis and Quantification

For investigation of the muscle to ganglia ratio, the entire length of the resected tissue
preparation from each patient was examined under a fluorescent widefield microscope
(Zeiss, Oberkochen, Germany) and scored. The number of muscle units between two adja-
cent ganglia was counted, and the average muscle unit to ratio was calculated across three
non-consecutive slides for each patient. A ganglion was defined as a cluster of at least two
Hu+/DAPI+ neurons. For initial identification of muscle units and further investigation of
individual ganglia, images were taken on an LSM880 confocal laser scanning microscope
(Zeiss). For characterisation of individual circular muscle units, 10 randomly chosen images
exhibiting a total of 23 muscle units from the proximal tissue segments were used. Images
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were taken with a 10× objective in order to capture the full radial thickness of the muscle
(Figure 1). Measurements were conducted using Zen software (Zeiss). For glia–neuron
ratio analysis, ganglia were imaged using a 40× objective. A minimum of three ganglia
were captured from the most proximal tissue available (the “normal zone”), and three
from the most distal ganglionated region (the “transition zone”). The numbers of DAPI+
nuclei, HuC/D+ neurons and S100B+ glia were manually counted using Image J (NIH).
Areas stained without a clear DAPI+ nucleus were not included in cell counts. The average
number of DAPI+ cells per ganglion, the proportion of Hu+/DAPI+ cells and the ratio of
S100B+/Hu+ cells were then calculated in each region.
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where there is a clear depression. Shallow depressions (open arrows) were also present, but were < 
30 µm in depth, and thus, were identified as being located within muscle units. 

Figure 1. Representative H&E image of the tissue architecture in the transition zone of a long-segment
HSCR patient. Circular muscle units are outlined (dotted line), separated at junctions (arrows) where
there is a clear depression. Shallow depressions (open arrows) were also present, but were <30 µm in
depth, and thus, were identified as being located within muscle units.

2.4. Statistical Analysis

Unless otherwise stated, all data are presented as mean ± SEM. All data were analysed
using GraphPad Prism and were considered significant if p < 0.05.

3. Results
3.1. Patients Experienced Post-Operative Enterocolitis despite Intraoperative Histological
Assessment of the Proximal “Doughnut” Biopsy

Tissue and clinical data were collected from 13 consecutive HSCR patients who un-
derwent the pull-through procedure at Royal Children’s Hospital (Table 1), as well as a
single control patient. Due to the loss of structural integrity of tissue following processing,
Patient 10 was not included for analysis. Patient 13 was also excluded from analysis as he
had total colonic aganglionosis, and hence, could not be compared to the other patients. Of
the remaining 11 patients, eight were male (73%), and three patients were female (27%).
All underwent Swenson pull-through (100%), with the average age at operation being
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8.5 months (range 3–27 months). A range of Hirschsprung phenotypes were treated, with
four patients (36.3%) suffering from short-segment disease and seven patients (63.6%) with
long-segment disease. Two of these patients were syndromic as shown in Table 1. Seven
patients also had either an ileostomy or colostomy prior to pull-through surgery (64%,
Table 1).

The follow-up period of this study ended in May 2021, with a mean follow-up time
of 10 months (range 2–17 months) from the date of their final surgery (stoma closure if an
ostomy was performed). At the conclusion of the follow-up period, one patient was unable
to be evaluated as she still had an ileostomy (Patient 11). Half of the remaining 10 patients
(50%) did not experience enterocolitis or constipation postoperatively. Whether or not these
patients experienced faecal incontinence was difficult to assess as they had not yet been
weaned from nappies. Five patients (50%) experienced at least one episode of enterocolitis.
Of these patients, 80% had long-segment disease. Patient 8, who had short-segment disease
and suffered from post-operative enterocolitis was subsequently found to have segmental
aganglionosis (also known as “skip segments”). This was only identified after investigation
of resected tissue using immunohistochemistry. Most patients (80%) with post-operative
enterocolitis were managed with intermittent normal saline (0.9% sodium chloride) washes,
with one patient having additional botulinum toxin injections.

3.2. Identification and Definition of Individual Circular Muscle Units

To investigate the ratio of muscle units to enteric ganglia, we first defined and char-
acterised circular muscle units in our resected patient bowel samples. A muscle unit was
defined as a cluster of fibres that can be readily separated from adjacent clusters. Each cir-
cular muscle unit exhibited a depression at the border, referred to as a “junction” (Figure 1).
As the outer border of muscle units was not consistently even, and some units appeared to
have shallow depressions, we therefore set specific criteria, and the minimum depth of the
junction valley was defined to be 30 µm. The width of each muscle unit was measured at
50 µm from the edge closest to the longitudinal muscle (Figure 1), and the mean was found
to be 249 ± 62 µm.

3.3. Muscle Unit to Ganglion Ratio Was Higher in the Transition Zone Compared to
Proximal Colon

To examine the muscle unit to ganglion ratio, the entire length of the resected tissue
was sectioned along the longitudinal axis and scored following immunohistochemistry.
For the single control patient, the number of muscle units between individual ganglia was
counted along the whole length of resected tissue, and the average ratio was calculated to
be 1.03.

For HSCR patients, we also examined the entire length of the resected tissue. Following
immunohistochemistry, changes in the density of enteric ganglia along the longitudinal axis
could be observed (Figure 2). A number of key criteria have previously been described in
the transition zone of HSCR patients [29]. In our longitudinal colon sections, the presence
of a myenteric hypertrophic nerve bundle (>40 µm) was used to identify the transition
zone, as described by Subramanian et al. [38]. This criterion was employed as the authors
used similar patient samples as our current study (HSCR patient tissue resections from
primary surgery sectioned along the longitudinal axis). Hypertrophic nerve bundles could
easily be identified using S100B staining (Figure 2B,B’); they were sometimes similar in
appearance to enteric ganglia, however, lacked HuC/D+ neurons. To prevent sampling
error, all data were examined across three non-consecutive sections.
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Figure 2. Overview of the distribution of myenteric ganglia in relation to circular muscle units
in the proximal normal zone (A, NZ), the transition zone (B, TZ), and the aganglionic zone (C)
in longitudinal sections of HSCR patient tissue following immunohistochemistry against HuC/D
(Hu), S100B and DAPI. Ganglia are more sparsely located in the transition zone, and no ganglia
are visible in the aganglionic zone, although individual glial cells are present (some highlighted
by arrowheads). (B’) shows a hypertrophic nerve bundle, which could be identified using S100B
immunohistochemistry, but lacked neuronal cell bodies. Hypertrophic nerve bundles had a minimum
width of 40 µm. (D) quantification of muscle unit to ganglion ratio in both long- and short-segment
patients (* p = 0.012, n = 11, paired t-test).
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In the proximal tissue segment, oral to the first hypertrophic nerve bundle, the muscle
unit to ganglia ratio was found to be 1.29 ± 0.07. Although we could not perform statistical
analysis, these values were very similar to data from the normal bowel of the control patient.
We, therefore, designated this proximal tissue as the normal zone.

All tissue between the most proximal hypertrophic nerve bundle and the most distal
ganglion was classified as the transition zone (Figure 2). The muscle unit to ganglion ratio
in the transition zone was found to be 1.9 ± 0.2, which was significantly higher compared
to the proximal, normal tissue segment (n = 11, Figure 2D). We further divided patients
based upon the severity of aganglionosis (Table 2). For patients with long-segment HSCR
(n = 7), we identified a significant difference between the normoganglionated colon and
transition zone; however, the two regions were not statistically different for short-segment
patients (n = 4). As only four patients with short-segment disease were analysed in this
study (due to exclusion of Patient 10), further investigation is warranted.

Table 2. Muscle unit to ganglion ratios.

HSCR Type Proximal/Normal Transition Zone Statistical Analysis

All patients (pooled) 1.29 ± 0.07 1.93 ± 0.22 * p = 0.012; n = 11
Long-segment 1.35 ± 0.1 2.06 ± 0.3 * p = 0.017; n = 7
Short-segment 1.19 ± 0.05 1.70 ± 0.43 ns: p = 0.36; n = 4

* denotes significant p-values.

3.4. Ganglia Composition Is Unchanged in the Transition Zone

We examined the properties of individual ganglia in the proximal normal zone (NZ)
and transition zone (TZ) in sections from HSCR patient tissue. Immunohistochemistry was
performed against the pan-neuronal marker, HuC/D (Hu), and enteric glia were labelled
with S100B (Figure 3). We examined the size and proportions of neurons and glia within
each ganglion. There was no significant difference between the size of ganglia (number of
DAPI+ cells/ganglion) in the transition zone (22.2 ± 4.2, n = 8) compared with the normal
zone (23.6 ± 2.7, n = 8, p = 0.71, paired t-test), although these are likely to be an under
representation of the true values as many ganglia were not completely captured by the
field of view. The proportion of Hu+ neurons (out of DAPI+ cells in the ganglion) was
not significantly different between the two regions (NZ: 29.8 ± 2.1%; TZ: 28.0 ± 4.0%;
p = 0.64, paired t-test), and the ratio of glia to neurons was also not different between the
regions (NZ: 2.8 ± 0.6; TZ: 3.2 ± 0.8; p = 0.56, paired t-test). There were also a number of
nuclei present in the ganglia that were not immunoreactive for either Hu or S100B, and
the identity of these cells remains unknown. Our data show that, although the ganglia
are more sparsely located, the components of the ganglia are remarkably similar in the
transition zone when compared with the normoganglionated region.

3.5. Patients That Develop Enterocolitis Have Reduced Enteric Ganglion Size

Hirschsprung-associated enterocolitis is a common complication that develops in
HSCR patients [17]. While changes in immune function and microbial dysbiosis are im-
portant, recently, changes in ENS structure and function have also been implicated in
HAEC [21,22]. We, therefore, also investigated differences between the proximal normo-
ganglionated tissue of patients that were shown to develop HAEC, with those that did
not. The muscle unit to ganglia ratio was not significantly different between patients who
experienced post-operative enterocolitis (1.31 ± 0.1, n = 5) and patients who had no re-
ported post-operative complications (1.29 ± 0.1, n = 5; p = 0.90, Students t-test, Figure 4). In
addition, we compared individual ganglia in HAEC patients with those of HSCR patients
who had no complications. The size of ganglia was significantly smaller in HAEC patients
when compared with non-HAEC patients (Figure 4), and again, this is likely to be an
under-representation as many ganglia were not completely captured by the field of view.
However, there were no significant differences between the proportion of neurons or the
glia to neuron ratio (Figure 4).
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tients who had no complications. The size of ganglia was significantly smaller in HAEC 

Figure 3. Neuron–glia composition of enteric ganglia in the normal vs transition zones. (A,B) Repre-
sentative images of ganglia from the normal (A) and transition zone (B), with immunohistochemistry
performed against DAPI, HuC/D (Hu) and S100B. (C) Quantification of the size of ganglia (#DAPI+
cells/ganglion, left), the proportion of neurons per ganglion (%Hu+/DAPI+, middle), and the ratio of
glia/neurons per ganglion (right) in four long-segment and four short-segment HSCR patients. ns:
p > 0.05, paired t-test for all.
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Figure 4. Comparison of ganglia from the proximal normoganglionic tissue in non-HAEC and HAEC
patients. (A,B) Representative images of ganglia from the patient groups, with immunohistochemistry
performed against DAPI, HuC/D and S100B. Note: (C) Quantification of the muscle unit to ganglia
ratio (ns: p > 0.05, Students’ t-test). (D) Quantification of the size of ganglia (#DAPI+ cells/ganglion,
left), the proportion of neurons per ganglion (%Hu + /DAPI+, middle), and the ratio of glia/neurons
per ganglion (right). non-HAEC: n = 21 ganglia, N = 4 patients; HAEC: n = 21 ganglia, N = 3 patients.
* p = 0.0158, ns: p > 0.05, Students’ t-test.

4. Discussion

The transition zone has been extensively examined via histological means to reduce
rates of transitional pull-through resection. However, there appears to be much variability
in tissue handling and measurement of various parameters. Previously, studies had sought
to characterise the length of the transition zone, however, this had been limited to small
numbers of patients with short-segment HSCR [29]. More recently, it was identified that
the length of dysganglionosis is highly variable, ranging from 0.3 cm to 22.9 cm in patient
tissue, and therefore, this study advocated for the analysis of individual patient samples
using circumferential tissue sections, rather than relying on a specific length to identify
the transition zone [25]. However, in addition, the distribution of ganglia in the transition
zone is now understood to be uneven, resulting in a ‘leading edge’, which contributes to
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misidentification as the normoganglionated region and resulting TZPT [39]. Previous stud-
ies have shown that quantitative assessment, such as the measurement of submucosal nerve
trunks or interganglion distance, has been proposed to prevent the morbidity associated
with TZPT [38,40]. However, agreement on parameters has not been achieved and some
measurement parameters are not realistic in the clinical setting of assessing intraoperative
biopsies, being either too time-consuming or prone to variability. In our current study, we
used the criterion of the presence of a myenteric hypertrophic nerve bundle with a diameter
>40 µm to indicate the transition zone in our patient tissue. The diameter of approx. 40 µm
was previously described as the upper limit of the thickness of a “normal” myenteric
nerve bundle in longitudinal gut resections [38]. Although most studies have investigated
submucosal nerve hypertrophy [23,29], and have previously stipulated the identification
of two hypertrophic submucous nerves within a single ×400 magnification field of view,
we used the more stringent criteria of a single hypertrophic nerve bundle identified in the
myenteric plexus, which has also been previously described [38]. This ensured we did not
underestimate the transition zone in our samples, however, comparisons of the equivalent
regions to other studies could be more difficult.

Our study is the first to use the muscle unit as a distinct, unbiased landmark for
the quantification of enteric ganglia density in relation to their spatial distribution. We
believe that this method reduces sampling bias, which is a significant challenge in current
methods of intraoperative frozen section analyses [38]. Our results demonstrate the normal
muscle unit to ganglia ratio to be approximately one. In the transition zone of long-segment
HSCR patients, this ratio was significantly increased, indicating a reduction in the ganglia
density. Interestingly, while increased muscle unit to ganglion ratio was observed for
some short-segment HSCR patients, we did not find a statistically significant difference
to the normoganglionated region. This could be due to clinicopathological differences
between the two phenotypes. Variation in genetic profiles have been noted, with mutations
in SEMA3C, important for axonal guidance and neural crest cell migration, being more
common in long-segment compared to short-segment disease [9,41–43]. In contrast to
short-segment disease, submucosal nerve hypertrophy may be limited or absent in rectal
biopsies of long-segment HSCR, contributing to longer time to diagnosis of 11–14 days
compared to 2–3 days for short-segment disease [8,9,23]. Furthermore, Solari et al. have
demonstrated a lack of interstitial cells of Cajal and markedly reduced NADPH-positive
nerve trunks in smooth muscle layers of total colonic aganglionosis patients. This may
contribute to the poorer outcomes associated with long-segment disease and its association
with HAEC [10,15,44].

Our novel approach simplifies quantitative measures and reduces the variability resul-
tant from different tissue processing techniques. However, our study is currently limited
by sample size with only one control specimen, and further investigation is required before
this can be integrated into intraoperative analysis for transition zone identification. Thus
far, we have assessed the muscle unit to ganglion ratio for the circular muscle, as the tissue
was sectioned along the longitudinal axis of the gut in order to capture data from the entire
length of the resected bowel segment. Further investigation examining the longitudinal
muscle using transverse sections will help build strict parameters for adopting the muscle
unit as a tool for quantifying ganglia density. In the current project, analysis of the muscle
unit to ganglion ratio was performed following fixation and immunohistochemistry to
provide further characterisation of the patient tissue. A faster method of identifying ganglia
and muscle units is needed before this standard can be adopted for routine analysis during
pull-through surgery. H&E and toluidine blue staining on donut sections of resected gut or
biopsies taken to identify the presence of ganglia, can be used. Current protocols at our
institution involve intraoperative examination of a circumferential donut biopsy of tissue
from the proximal-most resected gut using H&E staining, which is given to an experienced
pathologist to examine whether this tissue is part of the transition zone, using histological
features as previously described, such as the presence of the hypertrophic nerve bundle [29].
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Identification of muscle units can be integrated into this process or used as an adjunct
procedure to ensure correct identification of the normoganglionated colon.

Interestingly, further analysis of individual ganglia in our study revealed that while
the density of ganglia in the transition zone was sparser, the composition of ganglia was
remarkably similar to that of ganglia in the proximal, normal region. Previous studies have
reported that the ratio of enteric glia to neurons is disrupted in the transition zone [31–33].
However, there is also variability of ganglia in the healthy, normal colon. In the myenteric
plexus, this has been quoted across a range of 3.7 to 9 and can differ between different
segments of the colon [31–33]. More recently, Graham et al. visualised normal colon in
three-dimensions and found that the ratio of glia to neurons within myenteric ganglia was
lower in the left colon (2.5) when compared with the right colon (4.2) [35]. It is possible
that changes in glia to neuron density through different regions of the control colon may
account for the variability that we observed and the lack of a significant difference.

Our patient outcomes demonstrated that post-operative enterocolitis persists despite
routine intraoperative analysis of frozen sections and full thickness proximal donut speci-
mens. Limited by a small sample size and having a mean follow-up period of 10 months,
our study recorded a 50% rate of post-operative enterocolitis. This is greater than findings of
Thomson et al. in their systematic review, which revealed an incidence of 10% to 45% [45,46].
It is recognised that patients with long-segment disease have poorer outcomes compared
to patients with short-segment phenotypes, experiencing higher rates of incontinence and
enterocolitis [10,15]. This may account for our poorer outcomes given a high proportion
of long-segment disease in our patient cohort (80%). Although exact mechanisms remain
unclear, emerging concepts have implicated impaired gut barrier and immune function in
the pathogenesis of enterocolitis. Whilst initial studies have linked HAEC with infection of
Clostridium difficile and rotavirus, more recent studies have suggested an altered microbial
community may result in impaired gut homeostasis and barrier function [18,19]. Chronic
dysmotility and stasis of faecal matter feeds into dysbiosis and aberrant inflammatory
processes and, hence, highlight the importance of identification of the transition zone to
prevent TZPT and subsequent enterocolitis [26].

Our study shows that comparison of ganglia density using the muscle unit to ganglion
ratios in the proximal regions of resected gut of patients experiencing post-operative
enterocolitis to those who did not reveal any significant difference between patient cohorts.
Coupled with our institute’s current protocols for identifying the transition zone, this
suggests that TZPT may not be the cause of enterocolitis in our patients. Interestingly, our
study identified that HAEC patients had smaller ganglion size in their normoganglionated
region compared to control patients. These smaller ganglia appear to be different to
“myenteric hypoganglionosis”, where ganglia consisting of single cells or doublets have
been identified in the transition zone of HSCR patients [29]. Instead, our data show that
there appears to be fewer large ganglia in HAEC patients. Within the ganglia, there were no
significant differences between the proportions of neurons or glia; however, the decreased
ganglia size would indicate that there is an overall decrease in the density of enteric neurons
and glial cells. Overall, this suggests that more subtle changes in the ENS may underly the
development of HAEC. Reductions in enteric cholinergic innervation of the gut mucosa and
serotonin production have been found in HAEC patients [21,22,47]. It is now recognised
that the ENS communicates with the gut immune system and has an important role in
immune activation and suppression [48–50]. There are many pathways involved in this
communication [49,51], and also reciprocal interaction where the immune system influences
ENS function [52]. Recent data shows that enteric glia also play important roles in this
exchange [53,54]. Whether loss of other subtypes of neurons or specific enteric glial cells
contribute to HAEC remains to be investigated further.

5. Conclusions

Correctly and quickly identifying the transition zone during HSCR pull-through
surgery is important for reducing post-operative complications. Our study shows that
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the correlation between the ratio of muscle units to enteric ganglia may be developed as a
quick and reliable method for identifying normal versus hypoganglionosis in the transition
zone. Further investigation to examine longitudinal muscle units, and comparison of
smaller tissue samples, for example doughnut samples or biopsies, will help develop this
method for intraoperative use. In addition, we found that subtle changes in individual
ganglia may contribute to the development of post-operative complications, including
enterocolitis. This most likely reflects subtle defects in ENS development, and thus impacts
on gut function. Further investigation of the specific populations of cells and signalling
mechanisms involved will help understand how these subtle changes in ENS may lead to
dramatic imbalances in gut function.

Author Contributions: Conceptualisation: D.F.N., S.K.K., L.A.S. and M.M.H.; methodology: D.F.N.,
W.Y., J.P., L.A.S., M.M.H. and S.K.K.; data collection: W.Y. and J.P.; surgeries and patient follow up:
S.K.K.; data analysis: W.Y., J.P. and M.M.H.; confocal imaging: W.Y., J.P. and H.M.Y.; writing—original
draft preparation: J.P.; writing—review, editing and finalisation: L.A.S. and M.M.H. All authors have
read and agreed to the published version of the manuscript.

Funding: This project was funded by a grant from the Medical Research Future Fund (MRFF:
APP2009049) from the National Health and Medical Research Council, Australia (NHMRC) (to LAS,
SKK and MMH) and REACHirschsprung Foundation Research Grant (to LAS, MMH and SKK).
LAS and MMH are fellows of the Australian Research Council (ARC DECRA: DE180100261 and
DE190101209, respectively).

Institutional Review Board Statement: The study was approved by the Royal Children’s Hospital
Research Ethics Committee (HREC 38262).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data from this study can be made available upon request. Please
contact the corresponding authors.

Acknowledgments: Thanks to Misel Trajanovska at the MCRI for her help with administration and
ethics coordination.

Conflicts of Interest: LAS currently receives a partial salary and grant funding from Takeda Phar-
maceuticals which are not related to this project. Takeda Pharmaceuticals had no role in the design,
execution, interpretation, or writing of the study.

References
1. Furness, J.B. The enteric nervous system and neurogastroenterology. Nat. Rev. Gastroenterol. Hepatol. 2012, 9, 286–294. [CrossRef]

[PubMed]
2. Seguella, L.; Gulbransen, B.D. Enteric glial biology, intercellular signalling and roles in gastrointestinal disease. Nat. Rev.

Gastroenterol. Hepatol. 2021, 18, 571–587. [CrossRef]
3. Wallace, A.S.; Burns, A.J. Development of the enteric nervous system, smooth muscle and interstitial cells of Cajal in the human

gastrointestinal tract. Cell Tissue Res. 2005, 319, 367–382. [CrossRef] [PubMed]
4. McCann, C.J.; Alves, M.M.; Brosens, E.; Natarajan, D.; Perin, S.; Chapman, C.; Hofstra, R.M.; Burns, A.J.; Thapar, N. Neuronal

Development and Onset of Electrical Activity in the Human Enteric Nervous System. Gastroenterology 2019, 156, 1483–1495.e1486.
[CrossRef] [PubMed]

5. Burns, A.J.; Champeval, D.; Le Douarin, N.M. Sacral Neural Crest Cells Colonise Aganglionic Hindgut in Vivo but Fail to
Compensate for Lack of Enteric Ganglia. Dev. Biol. 2000, 219, 30–43. [CrossRef]

6. Uesaka, T.; Nagashimada, M.; Enomoto, H. Neuronal Differentiation in Schwann Cell Lineage Underlies Postnatal Neurogenesis
in the Enteric Nervous System. J. Neurosci. 2015, 35, 9879–9888. [CrossRef]

7. Heuckeroth, R.O. Hirschsprung disease-integrating basic science and clinical medicine to improve outcomes. Nat. Rev. Gastroen-
terol. Hepatol. 2018, 15, 152–167. [CrossRef]

8. Alnajar, H.; Murro, D.; Alsadi, A.; Jakate, S. Spectrum of Clinicopathological Deviations in Long-Segment Hirschsprung Disease
Compared with Short-Segment Hirschsprung Disease: A Single-Institution Study. Int. J. Surg. Pathol. 2017, 25, 216–221. [CrossRef]

9. Wang, X.J.; Camilleri, M. Hirschsprung disease: Insights on genes, penetrance, and prenatal diagnosis. Neurogastroenterol. Motil.
2019, 31, e13732. [CrossRef]

10. Kawaguchi, A.L.; Guner, Y.S.; Sømme, S.; Quesenberry, A.C.; Arthur, L.G.; Sola, J.E.; Downard, C.D.; Rentea, R.M.; Valusek, P.A.;
Smith, C.A.; et al. Management and outcomes for long-segment Hirschsprung disease: A systematic review from the APSA
Outcomes and Evidence Based Practice Committee. J. Pediatr. Surg. 2021, 56, 1513–1523. [CrossRef]

http://doi.org/10.1038/nrgastro.2012.32
http://www.ncbi.nlm.nih.gov/pubmed/22392290
http://doi.org/10.1038/s41575-021-00423-7
http://doi.org/10.1007/s00441-004-1023-2
http://www.ncbi.nlm.nih.gov/pubmed/15672264
http://doi.org/10.1053/j.gastro.2018.12.020
http://www.ncbi.nlm.nih.gov/pubmed/30610864
http://doi.org/10.1006/dbio.1999.9592
http://doi.org/10.1523/JNEUROSCI.1239-15.2015
http://doi.org/10.1038/nrgastro.2017.149
http://doi.org/10.1177/1066896916675729
http://doi.org/10.1111/nmo.13732
http://doi.org/10.1016/j.jpedsurg.2021.03.046


Biomolecules 2022, 12, 1101 14 of 15

11. Moore, S.W. Total colonic aganglionosis and Hirschsprung’s disease: A review. Pediatr. Surg. Int. 2015, 31, 1–9. [CrossRef]
[PubMed]

12. Nakamura, H.; Henderson, D.; Puri, P. A meta-analysis of clinical outcome of intestinal transplantation in patients with total
intestinal aganglionosis. Pediatr. Surg. Int. 2017, 33, 837–841. [CrossRef]

13. Jarvi, K.; Laitakari, E.M.; Koivusalo, A.; Rintala, R.J.; Pakarinen, M.P. Bowel function and gastrointestinal quality of life among
adults operated for Hirschsprung disease during childhood: A population-based study. Ann. Surg. 2010, 252, 977–981. [CrossRef]
[PubMed]

14. Zimmer, J.; Tomuschat, C.; Puri, P. Long-term results of transanal pull-through for Hirschsprung’s disease: A meta-analysis.
Pediatr. Surg. Int. 2016, 32, 743–749. [CrossRef] [PubMed]

15. Neuvonen, M.I.; Kyrklund, K.; Rintala, R.J.; Pakarinen, M.P. Bowel Function and Quality of Life After Transanal Endorectal
Pull-through for Hirschsprung Disease: Controlled Outcomes up to Adulthood. Ann. Surg. 2017, 265, 622–629. [CrossRef]

16. Elsherbeny, M.; Abdelhay, S. Obstructive complications after pull-through for Hirschsprung’s disease: Different causes and
tailored management. Ann. Pediatr. Surg. 2019, 15, 2. [CrossRef]

17. Gosain, A. Established and emerging concepts in Hirschsprung’s-associated enterocolitis. Pediatr. Surg. Int. 2016, 32, 313–320.
[CrossRef]

18. Frykman, P.K.; Nordenskjöld, A.; Kawaguchi, A.; Hui, T.T.; Granström, A.L.; Cheng, Z.; Tang, J.; Underhill, D.M.; Iliev, I.; Funari,
V.A.; et al. Characterization of Bacterial and Fungal Microbiome in Children with Hirschsprung Disease with and without a
History of Enterocolitis: A Multicenter Study. PLoS ONE 2015, 10, e0124172. [CrossRef]

19. Demehri, F.R.; Frykman, P.K.; Cheng, Z.; Ruan, C.; Wester, T.; Nordenskjöld, A.; Kawaguchi, A.; Hui, T.T.; Granström, A.L.; Funari,
V.; et al. Altered fecal short chain fatty acid composition in children with a history of Hirschsprung-associated enterocolitis.
J. Pediatr. Surg. 2016, 51, 81–86. [CrossRef]

20. Tomuschat, C.; Virbel, C.R.; O’Donnell, A.M.; Puri, P. Reduced expression of the NLRP6 inflammasome in the colon of patients
with Hirschsprung’s disease. J. Pediatr. Surg. 2019, 54, 1573–1577. [CrossRef]

21. Keck, S.; Galati-Fournier, V.; Kym, U.; Moesch, M.; Usemann, J.; Müller, I.; Subotic, U.; Tharakan, S.J.; Krebs, T.; Stathopoulos,
E.; et al. Lack of Mucosal Cholinergic Innervation Is Associated with Increased Risk of Enterocolitis in Hirschsprung’s Disease.
Cell Mol. Gastroenterol. Hepatol. 2021, 12, 507–545. [CrossRef] [PubMed]

22. Coyle, D.; Murphy, J.M.; Doyle, B.; O’Donnell, A.M.; Gillick, J.; Puri, P. Altered tryptophan hydroxylase 2 expression in enteric
serotonergic nerves in Hirschsprung’s-associated enterocolitis. World J. Gastroenterol. 2016, 22, 4662–4672. [CrossRef] [PubMed]

23. Ambartsumyan, L.; Smith, C.; Kapur, R.P. Diagnosis of Hirschsprung Disease. Pediatr. Dev. Pathol. 2019, 23, 8–22. [CrossRef]
24. Kapur, R.P. Practical pathology and genetics of Hirschsprung’s disease. Semin. Pediatr. Surg. 2009, 18, 212–223. [CrossRef]

[PubMed]
25. Thakkar, H.S.; Blackburn, S.; Curry, J.; De Coppi, P.; Giuliani, S.; Sebire, N.; Cross, K. Variability of the transition zone length in

Hirschsprung disease. J. Pediatr. Surg. 2020, 55, 63–66. [CrossRef]
26. Friedmacher, F.; Puri, P. Residual aganglionosis after pull-through operation for Hirschsprung’s disease: A systematic review and

meta-analysis. Pediatr. Surg. Int. 2011, 27, 1053–1057. [CrossRef]
27. Ghose, S.I.; Squire, B.R.; Stringer, M.D.; Batcup, G.; Crabbe, D.C. Hirschsprung’s disease: Problems with transition-zone

pull-through. J. Pediatr. Surg. 2000, 35, 1805–1809. [CrossRef]
28. Kapur, R.P.; Kennedy, A.J. Transitional zone pull through: Surgical pathology considerations. Semin. Pediatr. Surg. 2012, 21,

291–301. [CrossRef]
29. Kapur, R.P. Histology of the Transition Zone in Hirschsprung Disease. Am. J. Surg. Pathol. 2016, 40, 1637–1646. [CrossRef]
30. Swaminathan, M.; Kapur, R.P. Counting myenteric ganglion cells in histologic sections: An empirical approach. Hum. Pathol.

2010, 41, 1097–1108. [CrossRef]
31. Knowles, C.H.; Veress, B.; Kapur, R.P.; Wedel, T.; Farrugia, G.; Vanderwinden, J.M.; Geboes, K.; Smith, V.V.; Martin, J.E.; Lindberg,

G.; et al. Quantitation of cellular components of the enteric nervous system in the normal human gastrointestinal tract–report on
behalf of the Gastro 2009 International Working Group. Neurogastroenterol. Motil. 2011, 23, 115–124. [CrossRef] [PubMed]

32. Hoff, S.; Zeller, F.; von Weyhern, C.W.; Wegner, M.; Schemann, M.; Michel, K.; Rühl, A. Quantitative assessment of glial cells in the
human and guinea pig enteric nervous system with an anti-Sox8/9/10 antibody. J. Comp. Neurol. 2008, 509, 356–371. [CrossRef]

33. Ippolito, C.; Segnani, C.; De Giorgio, R.; Blandizzi, C.; Mattii, L.; Castagna, M.; Moscato, S.; Dolfi, A.; Bernardini, N. Quantitative
evaluation of myenteric ganglion cells in normal human left colon: Implications for histopathological analysis. Cell Tissue Res.
2009, 336, 191–201. [CrossRef] [PubMed]

34. Veras, L.V.; Arnold, M.; Avansino, J.R.; Bove, K.; Cowles, R.A.; Durham, M.M.; Goldstein, A.M.; Krishnan, C.; Langer, J.C.; Levitt,
M.; et al. Guidelines for synoptic reporting of surgery and pathology in Hirschsprung disease. J. Pediatr. Surg. 2019, 54, 2017–2023.
[CrossRef]

35. Graham, K.D.; Lopez, S.H.; Sengupta, R.; Shenoy, A.; Schneider, S.; Wright, C.M.; Feldman, M.; Furth, E.; Valdivieso, F.;
Lemke, A.; et al. Robust, 3-Dimensional Visualization of Human Colon Enteric Nervous System without Tissue Sectioning.
Gastroenterology 2020, 26, 26. [CrossRef]

36. Altman, J.S. Toluidine Blue as a Rapid Stain for Nerve Cell Bodies in Intact Ganglia. In Neuroanatomical Techniques: Insect Nervous
System; Strausfeld, N.J., Miller, T.A., Eds.; Springer: New York, NY, USA, 1980; pp. 21–24. [CrossRef]

http://doi.org/10.1007/s00383-014-3634-3
http://www.ncbi.nlm.nih.gov/pubmed/25367097
http://doi.org/10.1007/s00383-017-4107-2
http://doi.org/10.1097/SLA.0b013e3182018542
http://www.ncbi.nlm.nih.gov/pubmed/21107107
http://doi.org/10.1007/s00383-016-3908-z
http://www.ncbi.nlm.nih.gov/pubmed/27385111
http://doi.org/10.1097/SLA.0000000000001695
http://doi.org/10.1186/s43159-019-0003-y
http://doi.org/10.1007/s00383-016-3862-9
http://doi.org/10.1371/journal.pone.0124172
http://doi.org/10.1016/j.jpedsurg.2015.10.012
http://doi.org/10.1016/j.jpedsurg.2018.08.059
http://doi.org/10.1016/j.jcmgh.2021.03.004
http://www.ncbi.nlm.nih.gov/pubmed/33741501
http://doi.org/10.3748/wjg.v22.i19.4662
http://www.ncbi.nlm.nih.gov/pubmed/27217698
http://doi.org/10.1177/1093526619892351
http://doi.org/10.1053/j.sempedsurg.2009.07.003
http://www.ncbi.nlm.nih.gov/pubmed/19782303
http://doi.org/10.1016/j.jpedsurg.2019.09.056
http://doi.org/10.1007/s00383-011-2958-5
http://doi.org/10.1053/jpsu.2000.19263
http://doi.org/10.1053/j.sempedsurg.2012.07.003
http://doi.org/10.1097/PAS.0000000000000711
http://doi.org/10.1016/j.humpath.2009.12.012
http://doi.org/10.1111/j.1365-2982.2010.01657.x
http://www.ncbi.nlm.nih.gov/pubmed/21175997
http://doi.org/10.1002/cne.21769
http://doi.org/10.1007/s00441-009-0770-5
http://www.ncbi.nlm.nih.gov/pubmed/19322590
http://doi.org/10.1016/j.jpedsurg.2019.03.010
http://doi.org/10.1053/j.gastro.2020.02.035
http://doi.org/10.1007/978-1-4612-6018-9_3


Biomolecules 2022, 12, 1101 15 of 15

37. Moolenbeek, C.; Ruitenberg, E.J. The “Swiss roll”: A simple technique for histological studies of the rodent intestine. Lab. Anim.
1981, 15, 57–59. [CrossRef] [PubMed]

38. Subramanian, H.; Badhe, B.A.; Toi, P.C.; Sambandan, K. Morphometric profile of large intestinal neuronal plexuses in normal
perinatal autopsies and Hirschsprung disease. Neurogastroenterol. Motil. 2017, 29, e12939. [CrossRef] [PubMed]

39. White, F.V.; Langer, J.C. Circumferential distribution of ganglion cells in the transition zone of children with Hirschsprung disease.
Pediatr. Dev. Pathol. 2000, 3, 216–222. [CrossRef]

40. Coyle, D.; O’Donnell, A.M.; Tomuschat, C.; Gillick, J.; Puri, P. The Extent of the Transition Zone in Hirschsprung Disease. J. Pediatr.
Surg. 2019, 54, 2318–2324. [CrossRef]

41. Gunadi; Ryantono, F.; Sethi, R.; Marcellus; Kalim, A.S.; Imelda, P.; Melati, D.; Simanjaya, S.; Widitjiarso, W.; Pitaka, R.T.; et al.
Effect of semaphorin 3C gene variants in multifactorial Hirschsprung disease. J. Int. Med. Res. 2021, 49, 300060520987789.
[CrossRef]

42. Yang, W.; Chen, S.-C.; Lai, J.-Y.; Ming, Y.-C.; Chen, J.-C.; Chen, P.-L. Distinctive genetic variation of long-segment Hirschsprung’s
disease in Taiwan. Neurogastroenterol. Motil. 2019, 31, e13665. [CrossRef] [PubMed]

43. Karim, A.; Tang, C.S.-M.; Tam, P.K.-H. The Emerging Genetic Landscape of Hirschsprung Disease and Its Potential Clinical
Applications. Front. Pediatr. 2021, 9, 638093. [CrossRef] [PubMed]

44. Laughlin, D.M.; Friedmacher, F.; Puri, P. Total colonic aganglionosis: A systematic review and meta-analysis of long-term clinical
outcome. Pediatr. Surg. Int. 2012, 28, 773–779. [CrossRef] [PubMed]

45. Thomson, D.; Allin, B.; Long, A.M.; Bradnock, T.; Walker, G.; Knight, M. Laparoscopic assistance for primary transanal pull-
through in Hirschsprung’s disease: A systematic review and meta-analysis. BMJ Open 2015, 5, e006063. [CrossRef]

46. Tomuschat, C.; Zimmer, J.; Puri, P. Laparoscopic-assisted pull-through operation for Hirschsprung’s disease: A systematic review
and meta-analysis. Pediatr. Surg. Int. 2016, 32, 751–757. [CrossRef] [PubMed]

47. Müller, I.; Kym, U.; Galati, V.; Tharakan, S.; Subotic, U.; Krebs, T.; Stathopoulos, E.; Schmittenbecher, P.; Cholewa, D.; Romero,
P.; et al. Cholinergic Signaling Attenuates Pro-Inflammatory Interleukin-8 Response in Colonic Epithelial Cells. Front. Immunol.
2021, 12, 781147. [CrossRef]

48. Wang, H.; Foong, J.P.P.; Harris, N.L.; Bornstein, J.C. Enteric neuroimmune interactions coordinate intestinal responses in health
and disease. Mucosal. Immunol. 2022, 15, 27–39. [CrossRef]

49. Populin, L.; Stebbing, M.J.; Furness, J.B. Neuronal regulation of the gut immune system and neuromodulation for treating
inflammatory bowel disease. FASEB Bioadv. 2021, 3, 953–966. [CrossRef]

50. Gershon, M.D.; Margolis, K.G. The gut, its microbiome, and the brain: Connections and communications. J. Clin. Investig. 2021,
131, e143768. [CrossRef]

51. Udit, S.; Blake, K.; Chiu, I.M. Somatosensory and autonomic neuronal regulation of the immune response. Nat. Rev. Neurosci.
2022, 23, 157–171. [CrossRef]

52. Muller, P.A.; Koscso, B.; Rajani, G.M.; Stevanovic, K.; Berres, M.-L.; Hashimoto, D.; Mortha, A.; Leboeuf, M.; Li, X.-M.; Mucida,
D.; et al. Crosstalk between Muscularis Macrophages and Enteric Neurons Regulates Gastrointestinal Motility. Cell 2014, 158,
300–313. [CrossRef] [PubMed]
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