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ARTICLE INFO ABSTRACT

Purpose: Hirschsprung disease (HSCR) is characterized by distal intestinal aganglionosis. While surgery is lifesav-
ing, gastrointestinal (GI) motility disorders persist in many patients. Our objective was to determine whether en-
teric nervous system (ENS) abnormalities exist in the ganglionated portions of the GI tract far proximal to the
aganglionic region and whether these are associated with GI dysmotility.

Methods: Using Ednrb-null mice, a model of HSCR, immunohistochemical analysis was performed to evaluate
quantitatively ENS structure in proximal colon, small intestine, and stomach. Gastric emptying and intestinal
Enteric nervous system tran§it were measured in vivo and small and large bowel contractility was assessed by spatiotemporal mapping
Dysmotility €X Vivo.

Ednrb Results: Proximal colon of HSCR mice had smaller ganglia and decreased neuronal fiber density, along with a
marked reduction in migrating motor complexes. The distal small intestine exhibited significantly fewer ganglia
and decreased neuronal fiber density, and this was associated with delayed small intestinal transit time. Finally,
in the stomach of HSCR mice, enteric neuronal packing density was increased and gastric emptying was faster.

Conclusions: ENS abnormalities and motility defects are present throughout the ganglionated portions of the GI
tract in Ednrb-deficient mice. This may explain the GI morbidity that often occurs following pull-through surgery
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The enteric nervous system (ENS) is an extensive network of neu-
rons and glia within the wall of the gastrointestinal (GI) tract that is crit-
ically important for regulating gut motility and other aspects of GI
function [1]. The ENS arises from enteric neural crest-derived cells that
migrate from the neural tube to colonize the intestine during develop-
ment [2]. In Hirschsprung disease (HSCR), a congenital disorder that af-
fects 1in 5000 live births [3], the migrating cells fail to populate variable
lengths of distal bowel, resulting in distal intestinal aganglionosis. The
uncolonized bowel remains contracted and functionally obstructed.
The only effective treatment is surgical resection of the diseased bowel.

Despite resection of the aganglionic segment, HSCR patients often
suffer from persistent GI problems, including constipation and fecal in-
continence, which significantly impacts quality of life [4]. These issues
may arise from technical factors related to the operation [5], but there
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is considerable evidence that functional abnormalities exist proximal
to the aganglionic segment. Manometric studies have shown altered
contractility and duration of contractions in the esophagus and duode-
num of patients with HSCR when compared to healthy controls [6-8].
Radiographic studies have revealed slower gastric emptying and longer
colonic transit times in patients with HSCR [9,10]. These studies suggest
the presence of functional ENS perturbations remote from the grossly
diseased region.

Mouse models of HSCR have confirmed the presence of abnormali-
ties in the ganglionated bowel. For example, Ednrb '~ mice possess
decreased neuronal density and increased neuronal size in the gangli-
onated colon [11]. Both mice and humans with HSCR exhibit an
imbalance of neuronal subtypes in the ganglionated proximal colon,
with an overabundance of nitrergic innervation and a deficit of choliner-
gic innervation [12]. However, characterization of the ENS in HSCR
has been restricted to the colon. We therefore undertook an examina-
tion of the ganglionated colon, small intestine, and stomach in Ednrb-
deficient mice, a commonly utilized model of short-segment HSCR,
and describe alterations of both ENS structure and intestinal motor
function throughout the length of the GI tract. Identifying these abnor-
malities will have important clinical implications for our understanding,
diagnosis, and treatment of patients with GI complications following
pullthrough surgery.
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1. Methods
1.1. Animals

All the animal protocols were conducted in accordance with the pro-
cedures reviewed and approved by the Institutional Animal Care and
Use Committee at Massachusetts General Hospital. Five mice were
housed per cage in 12/12 light-dark cycle. Access to food and water
was available ad libitum throughout the experiments. Mice used for all
the experiments were 3 weeks old. Each experimental group consisted
of both male and female mice.

Ednrb"™ YW mice on a hybrid C57BL/6 ]J-129Sv background were
purchased from Jackson Laboratory (Bar Harbor, ME; Stock Number
003295). Ednrb '~ homozygous pups were identified by a white
coat color and exhibit distal aganglionosis [13]. Mice were geno-
typed using polymerase chain reaction (PCR) to distinguish between
wild type Ednrb™’* (annotated as WT) (500 bp), heterozygous
Ednrb™/~ (300 and 500 bp), and knockout Ednrb '~ littermates (an-
notated as KO) [14]. Primer pairs used for Ednrb were: Forward 5’-
GATGAACCTGC-3’, Mutant Forward 5’-ATAGATTCGCC-3’ and Re-
verse 5'-CATGGTCTTGT-3'.

1.2. Immunohistochemistry

Immunohistochemistry was performed on proximal colon, distal
small intestine, and stomach, from WT and KO mice, as previously de-
scribed [12]. Whole mount preparations of the longitudinal muscle
myenteric plexus (LMMP) and full-thickness gut samples were fixed
in 4% paraformaldehyde. Tissue samples were embedded in 15% sucrose
containing 7.5% gelatin for cryosectioning. Frozen sections were cut at
12 pm thickness with a Leica CM3050S cryostat (Leica, Buffalo Grove,
IL). LMMP preparations and tissue cryosections were permeabilized
with 0.1% Triton X-100 and blocked with 10% donkey serum. Primary
antibodies were diluted in 10% donkey serum and included mouse
anti-neuronal class Il conjugated (3-tubulin (Tuj1; 1:400; Covance, Ded-
ham, USA), human anti-HuC/D (Annal, 1:16000, kindly gifted by Len-
non lab), and rabbit anti-Nestin (NES, 1:200, Abcam, Cambridge, UK).
Secondary antibodies included anti-rabbit IgG (1:500; Alexa Fluor
488; Fisher Scientific Life Technologies) and anti-human IgG (1:200,
Alexa Fluor 594; Fisher Scientific Life Technologies). Cell nuclei were
stained with DAPI (Vector Labs, Burlingame, CA) and mounted with
aqua-poly/mount (Fisher Scientific Polysciences Inc.). Images were
taken using Nikon A1R laser scanning confocal microscope (Nikon In-
struments, Melville, NY).

1.3. Morphometric analysis

ENS architecture in WT and KO mice (n = 3-7 mice per group)
was morphometrically quantified using wholemount LMMP prepa-
rations and cross sections of the proximal colon, distal small intes-
tine, and stomach. High-power images of the LMMP preparations
and tissue cross-sections were taken at 10x and 20 x magnification
using a Nikon A1R-A1 confocal microscope. Image acquisition was
carried out with NIS-Elements imaging software (Nikon). Images
were analyzed using the Image | software. From LMMP prepara-
tions, Hu + neuronal cell bodies and Tuj1 + neuronal fibers were
analyzed per high-power field from 3 images per animal. Neuronal
packing density was calculated as the number of Hu + neuronal
cell bodies per area of the ganglia. Neuronal packing was analyzed
for every ganglia from 3 fields per animal. High-power images of tis-
sue cross sections were used to analyze the number of ganglia per
field and size per ganglia, where measurements were made from 3
images per animal and the size of each ganglia was measured in
the field.

1.4. Ex vivo measurement of GI motility

Contractile movement of isolated distal small intestine and colon
was analyzed ex vivo. After euthanizing the mice, whole colon and the
distal-most 6-cm piece of ileum was excised immediately and placed
in an illuminated organ bath continuously perfused with Krebs solution
at 36.5 + 0.5 °C and bubbled with carbogen gas (95% 0,/5% CO,). Tissue
was anchored with pins at the anal and oral end. Intestinal motility was
recorded from each mouse for 30 min using Gastrointestinal Motility
Monitoring system (GIMM; Med-Associates, St. Albans, VT, USA).
Video recordings from each animal were used to generate kymographs
of intestinal contractions using the GIMM software [15]. Frequency,
length, and velocity of colonic migrating motor complexes (CMMCs)
were analyzed from the kymographs for the proximal colon using the
GIMM processor plugin (Image ]) [16]. For the distal small intestine,
the frequency and amplitude of segmentation contractions was mea-
sured. Contraction profile over a given period of time was represented
as area under the curve (AUC). Five regions of interest (ROIs) were se-
lected from each video recording and the summation of contraction fre-
quency and amplitude was denoted as gray value using the Multi Plot
function (Image J). All measurements were made from three 10-min
recordings per mouse and 3-5 mice were analyzed per group.

1.5. Measurement of small intestinal transit

A 150 pl solution of 6% w/v carmine red in 0.5% methylcellulose was
orally gavaged into the stomachs of WT and KO mice through a 21-
gauge round-tip feeding needle. Food was withdrawn 2 hours before
gavaging. Mice were sacrificed after 20 or 40 min. Small intestines
were dissected and laid out, and the length of the tissue traveled by
the carmine red dye was measured as a proportion of the total length
of the small intestine. The assay was performed in n = 4-6 mice per
group, per time-point, and included both male and female mice within
each group without any bias.

1.6. Measurement of gastric emptying

A 150 pl solution of 6% w/v carmine red in 0.5% methylcellulose was
orally gavaged into the stomachs of Ednrb WT and KO mice through a
21-gauge round-tip feeding needle. Food was withdrawn 2 hours before
gavaging. Mice were sacrificed after 20 min and stomachs were collected.
Weight of the stomach before and after removing the stomach contents
was recorded. Gastric emptying was calculated as the weight of contents
emptied from the stomach as a proportion of the initial weight of the
stomach. The assay was performed in n = 4-5 mice per group and in-
cluded both male and female mice within each group without any bias.

1.7. Statistical analysis

Values are typically represented as mean 4+ SEM (standard error of
mean). Statistical analysis was performed using Prism 8 (GraphPad soft-
ware, Inc., La Jolla, CA, USA). Statistical significance between WT and KO
mice was assessed using Student's t-test. p-values <0.05 were regarded
significant.

2. Results

We examined the overall ENS architecture and function of the gangli-
onated bowel of mice with HSCR, focusing on the proximal colon, distal
small intestine, and stomach. All studies were performed in Ednrb '~
(KO) mice, with Ednrb */* (WT) littermates as controls. KO mice had dis-
tal colonic aganglionosis extending for about 1.5 cm in length, and this
was confirmed by immunostaining with neuronal markers, Hu and Tuj1
(data not shown). Since they generally survive only to about 4 weeks of
age due to development of enterocolitis, all studies were performed in
3-week-old mice.
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To characterize the ENS architecture of the proximal colon, cross sec-
tions of the colon were immunostained with the neuronal marker, Hu,
and the glial/progenitor marker, Nestin, to label the myenteric ganglia
(Fig. 1a,b). Enteric ganglia size and number were analyzed. Although the
number of ganglia per high-power field (HPF) in the proximal colon was
similar in WT and KO mice (Fig. 1c), ganglia were 56% smaller in size in
the KO group (Fig. 1d). Wholemount immunohistochemistry was per-
formed on LMMP preparations from WT and KO proximal colon (Fig. 1e,
f). Enteric neuronal density (Fig. 1g) was calculated by counting Hu
+ neuronal cell bodies per HPF and was found to be 36% lower in KO
mice as compared to WT, although this did not reach statistical signifi-
cance. Neuronal fiber density (Fig. 1h) was significantly lower in KO
mice. Packing density, which reflects the number of neuronal cell bodies
per area of myenteric ganglia, was similar between the two groups
(Fig. 1i).

To functionally characterize the proximal colon of KO mice, spatio-
temporal mapping was performed on explanted guts to examine co-
lonic migrating motor complexes (CMMCs). These represent neurally-
mediated, rhythmic, spontaneous propagating contractions in the
mouse colon. Kymographs of intestinal diameter changes as a measure
of gut contractility were generated from 30-min video recordings. In
WT mice, 3.6 4+ 0.6 CMMCs (Fig. 2a, arrows) were observed over a 10-
min recording. The average distance covered by the CMMCs was
12.8 & 2.1 mm, with a velocity of 0.6 4= 0.4 mm/s. These coordinated
contraction patterns were markedly decreased, and nearly absent, in
the proximal colon of all KO mice examined (Fig. 2b,c).

ENS architecture in the distal small intestine was analyzed in cross
sections immunostained with the neuronal antibody, Hu (Fig. 3a,b). KO
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mice had a significantly lower enteric ganglia density as compared to
WT (Fig. 3c). Ganglion size was similar between the two groups
(Fig. 3d). Immunofluorescence of LMMP wholemount preparations
from the distal small intestine (Fig. 3e, f) showed that neuronal cell
body density was similar between WT and KO mice (Fig. 3g), while KO
mice exhibited significantly lower neuronal fiber density (Fig. 3h). Neuro-
nal cells were also found to be more densely packed in the small intestinal
myenteric ganglia in KO mice (Fig. 3i). This is consistent with the observa-
tion that despite having fewer ganglia per area (Fig. 3c), KO animals have
equivalent neuronal numbers per HPF (Fig. 3g).

Small intestinal motility was compared using both spatiotemporal
mapping and intestinal transit time. Non-propagating segmentation
contractions in WT and KO mice were examined ex vivo and kymo-
graphs generated to quantify contraction frequency and amplitude in
the two groups (Fig. 4a, b). The area under the curve (AUC) was used
to represent the summation of contractile activities over a given period
of time (Fig. 4c). No significant difference between KO and WT was seen
in the frequency (31.9 £ 4.1 in WT vs 31.9 £ 2.6 in KO; Fig. 4d), maxi-
mum amplitude (175.2 £+ 1.6 in WT vs 174.6 & 6.8 in KO; Fig. 4e) or
AUC (3744 4 56 in WT vs 3663 & 77.2 in KO; Fig. 4f).

To assess transit time, mice were gavaged with non-absorbable car-
mine red dye and the percentage of the total small intestine traversed
by the dye was recorded at 20- and 40-min post-gavage. There was no
difference in small intestinal transit at 20 min (43.9 + 4.1%inn =5
WT vs 46.9 4+ 10.6% in n = 4 KO). At 40 min, however, small intestinal
transit was significantly delayed by 17% in KO mice (66.3 4+ 4.4% inn =
6 WT vs48.9 + 2.8%in n = 4 KO; Fig. 4g), suggesting a delay in the distal
half of the small intestine.
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Fig. 1. Ednrb KO mice possess ENS abnormalities in the ganglionated proximal colon. Cross sections of the colon were stained with neuronal (Hu) and glial (Nestin) antibodies (a,b) and
show that KO mice have a similar density of ganglia (c), but the ganglia are smaller in size (d). Wholemount preparations stained with neuronal antibodies, Tuj1 and Hu (e, f), reveal that
neuronal cell density in the myenteric plexus is similar between the two groups (g), but KO mice have lower nerve fiber density (h). No difference in neuronal packing density was seen

between the two groups (i).
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Fig. 2. Proximal colon of Ednrb KO mice has markedly abnormal contractile function. Spatiotemporal mapping of colonic contractility shows normal propagating CMMCs in WT mice
(a, arrows), but these are nearly absent in KO (b,c).

Finally, ENS structure and function were characterized in the gastric bodies and fibers was quantitatively compared and found to be similar
antrum. LMMP preparations from the stomach of WT and KO mice were in the two groups (Fig. 5¢,d). Interestingly, neuronal packing density
immunostained with Hu and Tuj1 (Fig. 5a, b). Density of neuronal cell was markedly higher in KO stomachs (Fig. 5e), similar to the changes
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Fig. 3. ENS abnormalities are present in the distal small intestine of Ednrb KO. Cross sections of the small intestine were stained with the neuronal antibody, Hu (a,b), and reveal lower
ganglion density in KO mice (c), but with similar ganglion size (d). Wholemount preparations stained with neuronal antibodies, Tuj1 and Hu (e, f), show that neuronal cell density in the
myenteric plexus is similar between the two groups (g), but KO mice have lower nerve fiber density (h) and increased neuronal packing density (i).
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Fig. 4. Distal small intestinal transit is delayed in Ednrb KO mice. Spatiotemporal mapping of distal small intestine (a-c) shows that the frequency (d), amplitude (e), and AUC (f) of
segmentation contractions are not altered in Ednrb KO mice. In vivo analysis of intestinal transit, however, shows a significant delay at 40 min, but not 20 min, in KO mice (g),

corresponding with delayed transit in the distal half of the small intestine.

seen in the small intestine. To determine whether gastric function is al-
tered, we measured gastric emptying in these mice and found, as shown
in Fig. 5f, that KO mice had significantly faster gastric emptying as com-
pared to controls (77.95 4 3.2% in WT vs 94.78 4 0.7% in KO). Findings
from stomach, small intestine, and colon are summarized in Table 1.

3. Discussion

Resection of aganglionic bowel is lifesaving for infants with HSCR,
but follow-up studies have found that many patients continue to suffer
from long-term functional bowel abnormalities after pullthrough sur-
gery [17-20]. Moreover, manometry and imaging studies have sug-
gested the presence of altered contractility and transit throughout the
GI tract in HSCR patients, including in the esophagus, stomach, duode-
num, and colon [6-10]. This suggests that ENS abnormalities may ex-
tend well beyond the aganglionic segment and transition zone, which
has major implications for how we evaluate and treat patients with
post-pullthrough GI morbidity. In this study, we report on ENS mor-
phology and GI function in the proximal colon, small intestine, and
stomach in the Ednrb KO mouse model of HSCR. Our findings extend ob-
servations made in prior studies, showing structural ENS abnormalities
and functional alterations in motility and transit extending from the
stomach to the colon.

While the transition zone proximal to the aganglionic segment is
known to be associated with poor motility, we found a complete absence
of CMMCs in the proximal colon of HSCR mice, well above the

transitional segment. Complete loss of CMMCs throughout the colon
has previously been reported in Gdnf*/~ mice and Et3 ~~ mice [21],
which are models of hypoganglionosis and distal aganglionosis, respec-
tively. Loss of CMMCs in our Ednrb KO model correlated with structural
abnormalities of the ENS, including smaller myenteric ganglia and lower
neuronal fiber density. These changes were seen in the most proximal
part of the colon, despite the fact that the aganglionosis affects only
the most distal colon. A hypoganglionic phenotype of the proximal
colon similar to our findings has been previously reported in other
HSCR models. For example, one study demonstrated a decreased density
of myenteric ganglia along the entire length of the colon in a model of
HSCR caused be a spontaneous deletion of the Ednrb gene [22]. Similarly,
the ganglionated colon of mice harboring a neural crest cell-specific de-
letion of the Ednrb gene have smaller and sparser ganglia, along with
larger neuronal cell bodies [11]. Along with the present study, these
findings suggest that HSCR may be associated with alterations of ENS
structure and function in proximal colon remote from the aganglionic
zone, a region often presumed to be normal. As many HSCR patients
suffer from persistent constipation and obstructive symptoms after
pullthrough surgery, it will be important to understand how these subtle
changes in ENS morphology affect function. These symptoms of persis-
tent obstruction may be partially due to postoperative sphincter dys-
function, but our results suggest that neuronal abnormalities may also
contribute.

Interestingly, ENS structural differences were also identified in the
small intestine, where Ednrb KO mice had a significantly reduced
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Fig. 5. Ednrb KO mice exhibit ENS abnormalities and motor dysfunction in the gastric antrum. Wholemount preparations of gastric myenteric plexus were stained with neuronal
antibodies, Tuj1 and Hu (a, b). Quantitative analysis demonstrates similar density of neuronal cell bodies (c) and neuronal fibers (d) between the two groups, with a higher neuronal

packing density in KO mice (e). Gastric emptying was significantly faster in the KO group (f).

density of myenteric ganglia and neuronal fibers and an associated
delay in in vivo small intestinal transit, but not in ex vivo spatiotemporal
maps. Spatiotemporal mapping of small intestinal contractions was per-
formed in non-fasted mice. Our kymographs showed short, rhythmic,
motor contraction patterns characteristic of segmentation, which has
both myogenic and neurogenic components. There was no difference
in small intestinal contractions between WT and KO mice. Interestingly,
recent reports have shown that segmentation contractions can occur in
the presence of nerve conduction blockade [23], and therefore these
contractions can be preserved even in the setting of an abnormal ENS.
We therefore hypothesize that the hypoganglionosis we observed in
KO mice might not directly affect segmentation patterns and that is
why we observe no difference in the spatiotemporal maps. In contrast,
small intestinal transit is more complex and reflects the relative

contributions of receptive relaxation, segmentation, peristalsis, and
retropropulsion [24]. Since the in vivo assay for measurement of small
intestinal transit was performed in a fasted state, motor activity is likely
being impacted by interdigestive migrating motor complexes, and less
so by segmentation, which occurs predominantly in a non-fasted
gut. The exact contribution of the ENS in controlling this aspect of motil-
ity is not fully understood. These proximal ENS and transit abnormali-
ties correlate with prior studies in HSCR patients. One study showed
that 3 of 12 patients with either HSCR or intestinal hypoganglionosis
had delayed transit of barium from the stomach to the colon [6].
Another paper reports that 12 of 12 children with total colonic
aganglionosis had manometric abnormalities present in the esophagus
and duodenum [7]. We identified smaller ganglia in the proximal
colon and fewer ganglia in the distal small intestine, both of which are

Table 1
Summary of structural ENS anomalies and motor dysfunction in Ednrb KO mice as compared to WT littermates.
Number of ganglia per field Size per ganglia Neuronal cell bodies per field Neuronal fiber density Neuronal packing density Gl function
Proximal
Colon ND 1 ND 1 ND 1
Distal
Small Intestine 1 ND ND 1 1 1
Stomach — — ND ND 1 1

ND: no difference.
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consistent with hypoganglionosis. It is unclear why the phenotype of
hypoganglionosis differs between the small and large intestine. The mo-
lecular determinants of ganglion size versus ganglion number during
ENS development are not known. One hypothesis that could explain
the development of small ganglia is based on data from Rollo et al.
[25], who showed that neurons are highly adhesive and drive core gan-
glion formation, while non-neuronal cells accumulate on the outer
surface of the ganglion and are non-adhesive. Loss of Ednrb signaling
decreases neuronal numbers in the colon and this may explain the
smaller core ganglion size in the proximal colon. Why ganglion number,
rather than size, is reduced in the small intestine is unknown. Overall,
our results imply diffuse ENS abnormalities throughout the large and
small intestine in HSCR.

We found structural and functional abnormalities extending proxi-
mally to the stomach in our study, with KO mice displaying altered
ENS structure in the stomach and accelerated gastric emptying. Gastric
emptying has been variably described as accelerated or delayed in
HSCR. Miele and colleagues reported that children with HSCR, at
an average of 6.6 years after surgery, retain radiotracer-labeled
solid food in their stomach significantly longer than healthy, age-
matched control children [9]. Similarly, Medhus et al. identified a
decreased rate of gastric emptying of both liquids and solids as mea-
sured by radiotracer analysis in young adult HSCR patients compared
with controls, although the control subjects were on average 5 years
older than the HSCR patients [10]. Clinical data also suggests associ-
ation of HSCR with gastroesophageal reflux in some patients [26].
Conversely, there is a report of a patient with Haddad syndrome
who passed barium from the mouth to a transverse colostomy in
under 30 min and subsequently experienced dumping syndrome
[27], consistent with accelerated gastric emptying. Increased gastric
emptying has also been described in Sox10°°™* HSCR mice [28]. We
speculate that specific HSCR mutations and resulting ENS abnormal-
ities may predispose to either delayed or accelerated gastric empty-
ing. Interspecies differences may also account for this apparent
discrepancy. Regardless, both our data and experience with human
patients suggests the presence of some degree of upper GI
dysmotility in HSCR patients. Further work is necessary to determine
whether structural and/or functional alterations in the upper GI tract
are a general feature of HSCR and to understand their etiology and
implications.

We conclude that HSCR encompasses more than distal colonic
aganglionosis. The evidence suggests that HSCR may represent a pan-
gastrointestinal disease with both structural and functional conse-
quences that can extend from the esophagus to the colon. Further stud-
ies are needed to determine whether these abnormalities are specific to
HSCR patients with an Ednrb mutation or are a general feature of all
HSCR cases. This study has important implications for the evaluation
and diagnosis of patients experiencing GI morbidity following
pullthrough surgery and may help us to improve their management.
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