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SUMMARY

Mesenteric neural crest cells, a subset of vagal neural crest

cells migrating into the gut via the gut mesentery to
contribute to the enteric nervous system, are the embryo-
logical basis of skip segment Hirschsprung’s disease.

BACKGROUND & AIMS: Defective rostrocaudal colonization of
the gut by vagal neural crest cells (vNCCs) results in Hirsch-
sprung’s disease (HSCR), which is characterized by aganglio-
nosis in variable lengths of the distal bowel. Skip segment
Hirschsprung’'s disease (SSHD), referring to a ganglionated
segment within an otherwise aganglionic intestine, contradicts
HSCR pathogenesis and underscores a significant gap in our
understanding of the development of the enteric nervous sys-
tem. Here, we aimed to identify the embryonic origin of the
ganglionic segments in SSHD.

METHODS: Intestinal biopsy specimens from HSCR patients
were prepared via the Swiss-roll technique to search for SSHD
cases. NCC migration from the neural tube to the gut was
spatiotemporally traced using targeted cell lineages and gene
manipulation in mice.

RESULTS: After invading the mesentery surrounding the fore-
gut, vNCCs separated into 2 populations: mesenteric NCCs
(mNCCs) proceeded to migrate along the mesentery, whereas
enteric NCCs invaded the foregut to migrate along the gut.
mNCCs not only produced neurons and glia within the gut
mesentery, but also continuously complemented the enteric
NCC pool. Two new cases of SSHD were identified from 183
HSCR patients, and Ednrb-mutant mice, but not Ret”” mice,
showed a high incidence rate of SSHD-like phenotypes.

CONCLUSIONS: mNCCs, a subset of vNCCs that migrate into the
gut via the gut mesentery to give rise to enteric neurons, could
provide an embryologic explanation for SSHD. These findings
lead to novel insights into the development of the enteric
nervous system and the etiology of HSCR. (Cell Mol Gastro-
enterol  Hepatol 2021;12:wm-m;  https://doi.org/10.1016/
Jjemgh.2020.12.010)

Keywords: Gastrointestinal Tract; Enteric Nervous System;
Aganglionosis; EDN3/EDNRB Signaling Pathway.

! I Y he enteric nervous system (ENS), the intrinsic nervous
system of the gut that regulates the movement, blood
flow, and secretion of the gastrointestinal (GI) tract, is derived
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primarily from vagal neural crest cells (vNCCs), which arise at
the level of somites 1-7, invade the foregut, and rostrocaudally
colonize the gut."* According to current dogma, Hirschsprung’s
disease (HSCR), a congenital ENS disorder characterized by
aganglionosis in variable lengths of the distal intestine, is
caused by the incomplete colonization of the gut by vNCCs.>*
However, the occurrence of skip segment Hirschsprung’s dis-
ease (SSHD), a rare variant of HSCR involving a “skip area” of
ganglion cell containing intestine within an otherwise agan-
glionic intestine, contradicts the current consensus about the
pathogenesis of HSCR, and lacks a clear embryologic basis.”
Furthermore, given that the histologic evaluation of a rectal
suction biopsy is the gold standard for HSCR diagnosis,’® the
presence of a skip area in the distal rectum of SSHD patients
consequently might lead to a false-negative diagnosis.” There-
fore, the characterization of the embryonic origin of the
segmental ENS in SSHD not only will further our understanding
of ENS development, but also will support the development of
potential HSCR treatments.

Since the first case of SSHD was reported in 1954,° 34
SSHD cases have been reported, with skip segments occurring
from the ileum to the rectum (Table 1).”°° In addition to
vNCCs, sacral NCCs (sNCCs) also generate the colonic ENS in
mice and chickens,>'>? and these cells thus have been pro-
posed as the source of segmental ENS in SSHD. However, this
hypothesis cannot explain the occurrence of most skip seg-
ments within the proximal colon. Moreover, the invariable
aganglionosis of the distal bowel in HSCR patients is incon-
sistent with the contribution of SNCCs to the colonic ENS in
human beings.® Alternatively, the skip area might be caused
by neuroblasts, which emanate from the bowel wall at the
ileocecal junction, migrate along the mesenteric border, and
reinvade the colon.>3* Consistent with this theory, a recent
study showed that trans-mesenteric NCCs (tmNCCs), a pop-
ulation of midgut enteric NCCs (eNCCs) that migrate via the
mesentery into the hindgut, are the main source of the colonic
ENS.?® Thus, the skip area in the hindgut could be logically
explained as a failure of neuroblasts or tmNCCs to merge with
delayed eNCCs from the foregut.***” Notwithstanding, neu-
roblasts or tmNCCs theory cannot provide a convincing
explanation for the presence of ganglionic segments within
otherwise aganglionic small intestine and cecum. In lampreys
and mice, Schwann cell precursors (SCPs) have been shown to
invade the gut along extrinsic axons to give rise to a popula-
tion of enteric neurons,>’”® subsequently leading to the
speculation that SCPs might be the potential source of the
segmental ENS. Given that one distinguishing characteristic of
SCPs is their intimate association with extrinsic axons,>° the
patterns of SCP-derived segmental ENS should be expected to
be consistent with the innervation pattern of extrinsic axons
within the aganglionic gut. By contrast, pathologic studies
have shown hypertrophic extrinsic innervation in most
aganglionic guts from HSCR patients and HSCR animal
models.””*! Therefore, the SCP hypothesis could not provide
a convincing explanation for the distinctive patterns between
segmental ENS and extrinsic axons within the aganglionic gut.
Moreover, although a recent study showed that up to 20% of
colonic enteric neurons are of SCP origin,”’ segmental ENS
rarely are detected within the aganglionic gut of HSCR
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patients, thus suggesting that SCPs are less likely to be the
origin of segmental ENS.

The mesentery, which surrounds the entire GI tract to pro-
vide a conduit for nerves and blood vessels to the intestine,
recently was classified as an individual organ.*” Previous
studies have identified NCCs within the mesentery of HSCR
murine models,**** indicating that the mesentery might serve
as a migratory route by which NCCs traverse the whole gut.
Here, we addressed this hypothesis in mice, using targeted ge-
netic cell tracing and gene manipulation. We showed that a
subset of vNCCs delaminate from the neural tube, migrate
caudally along the mesentery, and invade the whole gut to make
a continuous complementary contribution to the eNCC pool.
Ednrb-deficient mice, in which vNCCs preferentially migrate
through the gut mesentery—rather than along the less-
permissive gut—to form innervated skip segments within the
aganglionic intestine, recapitulate the phenotypes of SSHD.
Together with the 2 new SSHD cases identified from 183 HSCR
patients, our study indicates that mesenteric NCCs are the
embryologic basis of SSHD.

Results
NCCs Migrate Into the Gut Mesentery to Give

Rise to Neurons and Glia

Because previous observations have indicated that
tmNCCs emanate from the midgut, cross the mesentery, and
invade the hindgut between embryonic day (E) 11.5 and
E12.5,%° we first investigated whether NCCs were present
within the mesentery after E12.5, once tmNCC migration
had ceased. Given that SCPs are distinguished from NCCs by
their intimate association with axons, we performed the
general axon marker neuron-specific class III beta-tubulin
(TUJ1) staining of the GI tract of NCC-specific
Wnt1¢%R26™™™ mouse embryos to distinguish axon-
associated SCPs from freely migrating NCCs within the gut
mesentery. Many axon-unassociated tandem dimer tomato
(tdTom)-expression cells (hereinafter referred to as
Wnt1™M* cells) were scattered in the gut mesentery of
Wnt1%R26"™™ embryos at E12.5, and rapidly increased in

*Authors share co-first authorship.
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Table 1.Cases of SSHD Reported in the Literature Since 1954

Reference Year Sex Patients, n Location of skip segment
Keefer® 1954 M 1 Rectosigmoid with skip in sigmoid
Sprinz® 1961 F 1 TCA except skip in transverse colon
Maclver'® 1972 M 1 Rectosigmoid with skip in sigmoid
Martin'’ 1979 M 1 TCA except skip in transverse colon
De Chadarevian'? 1982 M 1 TCA except skip in transverse colon
Yunis'® 1983 M 5 TCA except skip in transverse colon

M TCA except skip in transverse colon

M TCA except skip in transverse colon

M TCA except skip in transverse colon

M TCA except skip in ascending colon
Taguchi' 1983 M 1 TCA except skip in ascending colon
Seldenrijk'® 1986 M 2 TCA with multiple skips

F TCA with multiple skips
Anderson'® 1986 M 1 TCA except skip in ascending colon
Kapur'” 1995 F 3 TCA except skip in ascending colon

F TCA except skip in cecum

F TCA except skip in ascending colon
Yang'® 2005 M 3 TCA with multiple skips

M TCA with multiple skips

M TCA with multiple skips
Ziad'® 2006 M 2 TCA except skip in transverse colon

F TCA except skip in cecum
Oshio?° 2008 M 1 TCA except skip in ascending colon
O’Donnell*’ 2010 M 1 TCA with skip in transverse colon
Doi*? 2011 F 1 TCA with skip in transverse colon
Burjonrappa®® 2012 M 1 TCA except skip in ascending colon
Moore®* 2013 M 2 Skip in right and descending colon

F Skip in ascending colon and appendix
Erten?® 2014 M 1 TCA except skip in hepatic flexure
Raghunath®® 2014 M 1 TCA with skip in ascending colon and hepatic flexure
Gross®’ 2015 M 1 Skip in transverse and descending colon
Ruiz®® 2016 M 1 TCA except skip in cecum and ascending colon
Coe’ 2016 M 2 Skip in the distal rectum

M Skip in the distal rectum
Alfawaz® 2017 M 1 Skip in proximal sigmoid
Shenoy®° 2019 M 1 Skip in anal verge
Current cases 2021 M 2 Rectosigmoid with skip in sigmoid

M Skip in the transverse colon

numbers at E13.5 and E14.5 (Figure 14 and B). These
mesenteric Wnt17°M" cells expressed specific NCC markers,
including NESTIN, sex determining region Y-box10 (S0X10),
paired-like homeobox 2b (PHOX2B), pan-neurotrophin re-
ceptor P75NTR (P75), ret proto-oncogene (RET), and hu-
man epidermal growth factor receptor 3 (ERBB3), but
neither a canonical pericyte marker neuron-glial antigen 2
(NG2) nor a blood epithelial cell marker platelet and
endothelial cell adhesion molecule 1 (PECAM-1) (Figure 1C
and D). Moreover, the proliferative capacity of these
mesenteric Wnt17°M" cells was similar to that of pre-enteric
NCCs (Figure 1E and F). To examine whether these freely
migrating Wnt1™"" cells could give rise to neurons and

glia, we tested the GI tract from E14.5 Wnt1¢¢;R265Tom
mouse embryos for TUJ1 and brain fatty acid-binding pro-
tein (B-FABP) expression: these proteins are specific
markers for neurons and glia, respectively. As expected,
scattered TOM'/TUJ1"/B-FABP" and TOM'/TUJ17/B-
FABP™ cells were observed simultaneously within the gut
mesentery, showing that mesenteric Wnt17°"" cells differ-
entiated into both neurons and glia (Figure 24 and B).
Because these results showed that mesenteric Wnt1™M*
cells possessed all of the distinct characteristics of NCCs, we
refer to these cells hereafter as mesenteric NCCs (mNCCs).

To further examine whether mNCCs could generate
different neuronal subtypes, we traced mNCC-derived
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neurons by  crossing  Phox2b™F;R26™"¢  mice
with various neuron-specific Cre mouse lines (herein-
after referred to as Neuron®™ lines). In these

Phox2b™™P:Neuron®¢;R26™ ¢ mice, NCC-derived neurons
(Phox2b™/neuron*) were labeled with green fluorescent
through

protein  (GFP)
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recognition target (FRT) and Cre-loxp (locus of X-over
P1) double recombination (Figure 2C).***° At E14.5,
many Chat®**", Dbh®***, and Vip®**" neurons, as well as
scattered vGat®** neurons, were detected within the
gut mesentery of various Phox2b™" cre;R267C

;Neuron
embryos (Figure 2D and E), indicating that mNCCs

TUJ1

E13.5

BZGIdTom;NestinGFP
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differentiated into distinctive types of mesenteric neu-
rons. Notably, mNCC-derived cholinergic (Chat®"™) and
noradrenergic (Dbh®"**) neurons persisted in the gut
mesentery of postnatal Phox2b™";Neuron“"¢;R26™ ¢
mice (Figure 2F).

Collectively, our results showed that some NCCs
migrated into the gut mesentery to give rise to mesen-
teric neurons and glia during embryonic development.

mNCCs Are a Subpopulation of yNCCs That
Migrate Directly From the Neural Tube Into the
Mesentery

Next, we sought to identify the embryonic origin of
mNCCs. Based on their distribution patterns within the gut
mesentery between E12.5 and E14.5 (Figure 14), mNCCs
might be either a subpopulation of vNCCs that instead of
invading the foregut migrate directly into the mesentery or,
alternatively, residual actively proliferating tmNCCs within
the gut mesentery. To distinguish between these 2 possi-
bilities, we first spatiotemporally traced vNCCs between
E9.0 and E11.5, the stages that encompass the migration of
vNCCs from the neural tube to the midgut.*® Contrary to
current consensus, which suggests that vNCCs invade the
foregut at E9.5,"” our tracing experiments showed the
presence of many vVNCCs within the mesentery of
Wnt1%R26™™™ embryos at E10.5 and E11.5 (Figure 3).
Meanwhile, we noticed that both trunk NCCs and sacral
NCCs did not express PHOX2B (Figure 3, top panel), thus
indicating that PHOX2B™ mNCCs were a population of
vNCCs. Therefore, some vNCCs seemed to migrate directly
into the gut mesentery during early development.

Previous observations have indicated that SCPs are
guided into the esophagus and stomach by vagus nerves
to produce enteric neurons.*” To test whether the
earlier-identified mesenteric vNCCs might represent
axon-associated SCPs, we selectively traced nodose
ganglion-arising pioneer vagus sensory axons with the
VGIut2“%;R26'™™ reporter mouse line."” We also per-
formed PHOX2B and TUJ1 immunodetection to simulta-
neously visualize vagus axons (TOM'/TUJ"), enteric
neurons (TOM™/TUJ "), vNCCs (TOM /PHOX2B*/TUJ1°), and
axon-associated SCPs (TOM /PHOX2B"/TUJ17) (Figure 4A).
At E10.5, vagus axons projected mainly along the ventral
mesenchyme adjacent to the esophagus. By contrast,
vNCCs migrated far ahead of pioneer vagus axons, and the
front of migrating NCCs had reached the midgut
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(Figure 4A’). Meanwhile, plenty of TOM’/PHOX2B*/TUJ1
axon-unassociated vNCCs were present within the mesen-
tery adjacent to the gut (Figure 4A4’). To obtain further
evidence for this observation, consecutive sections of E10.5
VGlut2“%:R26"™™ embryos were collected to examine the
distribution of vNCCs. vNCCs were detected within the
dorsal mesenchyme adjacent to the esophagus, stomach,
and duodenum. These vNCCs in the mesentery were well
positioned to migrate into the bowel, consistent with the
dorsal to ventral gradient distribution of eNCCs within the
E10.5 gut (Figure 4B-E). Thus, we concluded that mNCCs
are a subset of vNCCs that migrate directly into the
mesentery.

mNCCs and tmNCCs Might Be the Same
Population of vNCCs

The earlier-described finding that some vNCCs migrate
directly into the mesentery suggested that tmNCCs, which
putatively arise from eNCCs in the midgut, might actually
be the same population of mNCCs. To gain evidence for
this speculation, we first performed whole-mount staining
of the vGlut2“%;R26"™™ mouse gut at E11.5 when the
midgut and hindgut were closely opposed to allow the
transmesenteric crossing of tmNCCs. We found that a
narrow stream of vNCCs were distributing along the
gut-mesentery boundary (Figure 5A4). Analysis of
consecutive sections further showed the presence of
vNCCs in the mesentery surrounding the esophagus,
stomach, and duodenum, thus suggesting that so-called
tmNCCs likely were descending vNCCs (Figure 5B-D).
Because previous studies have not provided direct evi-
dence showing the site of tmNCC origin,®® and because
the intimate association between the mesentery and the
gut wall made it extremely challenging to determine the
origination site of tmNCCs, we used an alternative
investigation strategy. That is, we traced the migration of
tmNCCs within the gut of Ednrb”~ embryos, a mouse
model of HSCR in which the migration of eNCCs along the
gut is severely delayed.”® If tmNCCs truly arise from
eNCCs, the absence of midgut eNCCs should induce a
concomitant absence of tmNCCs within the mesentery. At
E11.5 in the severely affected Wnt1“%R26"™™Ednrb”"
embryos, some NCCs remained within the mesentery sur-
rounding the eNCC-absent stomach, and also within the gut
mesentery between the midgut and hindgut (Figure 5E and
E’). Given that eNCCs migrated along the developing gut in

Figure 1. (See previous page). Mesenteric Wnt17°M+ cells possess distinct characteristics of NCCs. (A) Whole-mount
TUJ1 staining of gut preparations from E12.5, E13.5, and E14.5 Wnt1°®;R26™7°™ embryos. Insets are magnified view of
the corresponding boxed regions. Arrows and arrowheads indicate pioneer extrinsic axons and mNCC-derived neurons

(TOM™/TUJ1™), respectively. (B) Quantification of the number of mMNCCs within the entire
number of samples). (C) Representative midgut segment of E14.5 Wnt1°:R26"7°™:Nestin

ut mesentery (n indicates the

GFP embryos showing colocaliza-

tion of TOM with GFP, but not with NG2 or PECAM-1. (C’) Magnification of the boxed area in C. Arrows and arrowheads
indicate TOM/GFP*™ and TOM*/GFP™ cells, respectively. (D) Transverse sections of an E14.5 Wnt1®;R26'7°™ midgut
showing colocalization of TOM with indicated antibodies (arrowheads) within the gut mesentery. (E) PH3 staining of transverse
sections from an E9.5 embryo and an E14.5 midgut. Arrowheads indicate proliferating NCCs. Dashed curve lines (C, D, and E)
indicate the gut-mesentery boundary. (F) Quantification of the percentages of proliferating pre-enteric NCCs (pre-eNCCs) and
mNCCs (n indicates the number of samples; P = .654). Serial sections of 60-um thickness at the level of somites 1-7 from E9.5
embryos were collected for quantification. Ten midgut sections of 60-um thickness from E14.5 embryos were collected
randomly for quantification. CC, cecum; HG, hindgut; ME, mesentery; MG, midgut; NT, neural tube; ST, stomach.
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Figure 2. mNCCs give rise to neurons and glia within the gut mesentery. (A) Representative midgut segment from E14.5
Wnt1€7%;R26'7°™ embryos with B-FABP and TUJ1 staining. (A’) Magnified view of the boxed area in panel A showing mNCC-
derived neurons (green arrowheads), mMNCC-derived glia (white arrowheads), and mNCCs (red arrowheads). (B) Relative
proportions of MNCCs, NCC-derived neurons, and NCC-derived glia within the E14.5 gut mesentery (n = 1026 mMNCCs from 5
embryos). (C) Schematic illustration of the generation of Phox2b™:Neuron®;R26™ "¢ transgenic mice. (D) Genetic tracing of
mNCC-derived Dbh® T+ Chat®F*, Vip® ™+, and vGat® "+ neurons (arrowheads). Note the presence of eNCC-derived
Dbh®fP+, Chat®F+, VipGFF+, and vGat® "+ neurons within the gut. (E) Quantification of the number of mMNCC-derived neu-
rons within the gut mesentery between the midgut and hindgut of E14.5 embryos (n indicates the number of samples). (F)
Representative midgut segments from P7 Phox2b™F:Dbh®*:R26™™¢ and Phox2b™F;Chat®®;R26™ "¢ mice. Arrowheads
indicate mNCC-derived Dbh®** and Chat® "+ mesenteric neurons. FRT, flippase recognition target; ME, mesentery.

chain-like arrays, the skip NCCs in the duodenum of E11.5
Ednrb”~ embryos likely were derived from mNCCs
(Figure 5E and E”). At E12.0, many mNCCs were adjacent to
the eNCC-absent midgut (Figure 5F and F’). Consistent with
the hypothesis that these mNCCs migrate into the bowel,
tissue sections showed NCCs both in the mesentery and in

the bowel adjacent to mesentery, but not at the anti-
mesenteric margin (Figure 5F”). Therefore, the absence of
eNCCs within the midgut did not result in the elimination of
NCCs within the mesentery, thus strongly suggesting that
mNCCs and tmNCCs might be the same population of
descending vNCCs.
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mNCCs Migrate Into the Gut to Contribute to the ENS

We proceeded to investigate whether mNCCs could give
rise to enteric neurons. Because of the lack of specific
markers that distinguish mNCCs from eNCCs, we first used
the difference in the developmental stages of mNCCs and
eNCCs at E14.5. At this point, the majority of eNCCs have
differentiated into neurons,”' whereas most mNCCs main-
tain the undifferentiated state. Therefore, we aimed to
temporally trace mNCCs at E14.5 with the NCC-specific cre
recombinase-mutated estrogen receptor (CreERT) mouse
line by injecting tamoxifen (TM) at E14.0. With this strategy,
mNCCs and their derivatives, but not the enteric neurons
that arose before TM treatment, would be genetically
labelled, thus allowing us to trace their migration into the
gut. Rapid silencing of wnt family member 1 (Wnt1) activity
in NCCs after their delamination from the neural tube
excluded the possibility to temporally trace mNCCs with the
Wnt1°ERT mouse line.”” Although the Plp1¢ER2;p26tTom
mouse line has been widely used for temporal lineage
tracing of SCPs, recent studies have shown that TM treat-
ment at E9.5 resulted in prominent labeling of NCCs,53
indicating that the Plp1*®"? line could be used for ge-
netic fate mapping of NCCs. In agreement with this specu-
lation, TM-induced recombination at E7.5
Plp1¢mERT2,R26%T°m  embryos resulted in the specific
expression of TOM in both premigratory and migratory
NCCs at E9.5 (Figure 64). In addition, lineage tracing in
Plp1¢reERTZ,R26"Tom embryos activated by injecting TM at
E9.0, the stage when most NCCs have left the neural tube,
similarly showed that TOM was expressed by the majority of
both mNCCs and eNCCs at E14.5 (Figure 6C and E). Thus,
inducible Cre activity in the Plp1"**R"%;R26"™™ embryos
allowed us to temporally trace both premigratory and
migratory NCCs.

In Plp1¢mERT2:R26%T™ embryos, as expected, after the
induction of recombination at E14.0 by TM administration,
harvesting at E14.5 yielded a significantly higher percentage
of traced mNCCs than that of eNCCs. Meanwhile, we found
that PIp1™" mNCCs formed streams to migrate into the
midgut, leading to the accumulation of traced cells along the
mesenteric wall (Figure 6D and E). We next examined
whether mNCCs could give rise to enteric neurons. Because
cholinergic neurons are the most abundant neurons in the
ENS,°* we crossed Plp1¢™ERT2.R26"T°™ mice with the
Chat®"™ cholinergic neuron reporter line, and activated ge-
netic recombination by TM injection at E14.0. After 12 hours
of tracing, both cholinergic (TOM'/GFP*/SOX107) and
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noncholinergic (TOM"/GFP /SOX107) neurons were detec-
ted within the midgut of the Plp1¢ERT2.R26Tom.Chat®F?
embryos (Figure 6F and G). Based on the distribution
pattern of Plp1™M* cells within the gut, together with the
distinctive recombination efficiency between mNCCs and
eNCCs in PlplcreERTZ mice, these traced enteric neurons
most likely were derived from mNCCs.

To directly visualize the mesentery-gut migration of
mNCCs, we further traced mNCCs in Wnt1¢:R26T0™;
Ednrb”" mouse embryos. In these embryos, the Ednrb
knockout severely delays eNCC migration, thus allowing us
to follow the migration of mNCCs into an eNCC-absent gut. At
E13.5, in contrast to the wild-type embryos, in which the
eNCCs migrated rostrocaudally in chains and formed a
meshwork of cell strands along the gut (Figure 7A), Ednrb”"
eNCCs were more dispersed and the integrity of the enteric
meshwork was severely disrupted. Scattered independent
clumps of NCCs were observed distributed along the foregut
and midgut (Figure 7B and B”). Occasionally, we observed
single cells extending from the mesentery to the bowel wall
(Figure 7B’), consistent with the hypothesis that some cells
transition between mesentery and bowel wall. These ob-
servations suggested that the gut of Ednrb”” embryos was
not colonized by eNCCs in a rostral-to-caudal manner, but by
mNCCs in a mesenteric-to-antimesenteric manner. As em-
bryonic development proceeded to E14.5, mNCCs formed a
segmental enteric network in the aganglionic gut (Figure 7C).
Co-detection of B-FABP and TUJ1 indicated that mNCCs
differentiated into both enteric neurons and glia (Figure 7¢’
and C”). With the development of the segmental ENS, com-
parable normal enteric meshwork was detected within the
aganglionic gut of E15.5 Wnt1“%R26""™:Ednrb”" embryos
(Figure 7D). Simultaneously, SCPs (TOM*/B-FABP") were
associated intimately with, but lagged behind, extrinsic
axons within the aganglionic gut, and no independent NCCs
were observed in the vicinity of pelvic ganglion-arising nerve
terminals (Figure 7D’), thus ruling out the potential possi-
bility that the observed segmental ENS was derived from
sNCCs or SCPs.

Collectively, these results strongly indicated that mNCCs
continuously undergo mesentery-gut migration to enlarge
the eNCC pool.

mNCCs Are the Embryonic Origin of the
Segmental ENS in SSHD

Our finding that a subset of vNCCs migrated via the gut
mesentery to give rise to enteric neurons prompted us to

Figure 3. (See previous page). Some VNCCs migrate along the mesentery during early developmental stages. (A) Top
panel: Whole-mount images of Wnt1°%;R26'9°™ embryos with PHOX2B and TUJ1 staining showing the migration of vNCCs
from E9.0 to E10.5. Note that PHOX2B is expressed in vNCCs and sympathetic neurons, but not in trunk NCCs or sacral
NCCs. Middle panel: Magnified views of the corresponding regions from the top panels with TUJ1 staining. Bottom panel:
Same regions as in the middle panel with TOM and PHOX2B staining. Based on TUJ1 signal, the presumptive margins of the
gut are indicated by dotted lines. Arrowheads indicate vNCCs within the mesentery, and arrows indicate pioneer vagus axons.
(B) Whole-mount image of an E11.5 gut. The dotted line marks the site of the transverse section in panel C. (B’) Magnified view
of the boxed area in panel B. (B”) Whole-mount image of an E11.5 gut, in which the gut mesentery and the stomach are
separated. Note the presence of NCCs and NCC-derived neurons (TUJ1") within the gut mesentery. (C) Transverse section
through the midgut and hindgut. Arrowheads indicate mNCCs within the gut mesentery. White dotted lines mark presumptive
margins of the midgut and hindgut. Red dotted line marks the mesenteric artery. HG, hindgut; MA, mesenteric artery; ME,

mesentery; MG, midgut; ST, stomach.
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vGlut2°e;R26tom

Figure 4. A subset of vNCCs migrate along the mesentery at E10.5. (A) Representative image of E10.5 vGlut2©";R2617°™
embryos with PHOX2B and TUJ1 staining. (A’) Magnified view of the boxed area in panel A. Arrows indicate pioneer vagus
axons (TOM*/TUJ17). Dotted lines mark the sites of the sections shown in panels B-E, and the presumptive margins of the
gut, respectively. Note the presence of MNCCs (arrowheads) within the mesentery. (B-E) Transverse sections showing the
distribution of vNCCs within the dorsal mesentery of the (B and C) esophagus, (D) stomach, and (E) duodenum. Note the presence
of fewer PHOX2B™ cells in the antimesenteric side of the gut. Dotted lines indicate the presumptive margins of the gut. D, du-
odenum; DAPI, 4’ ,6-diamidino-2-phenylindole; ES, esophagus; SCG, sympathetic chain ganglion; ST, stomach.

ask whether mNCCs are the embryonic origin of the
segmental ENS in SSHD. Given that SSHD is a rare and
controversial clinical condition, we first searched for
SSHD cases by preparing biopsy specimens from HSCR
patients using the previously described Swiss-roll tech-
nique (Figure 84),°° followed by H&E staining to
comprehensively identify enteric neurons within the
aganglionic gut (Figure 8B-F’). Two SSHD cases were

identified from 183 HSCR patients (1.09%; 2 of 183). We
observed an innervated segment in the sigmoid colon of
the first HSCR case with total colonic aganglionosis (TCA),
and in the transverse colon of the second long-segment
HSCR case (Table 1). To confirm the presence of neu-
rons and glia within the aganglionic gut, we stained the
Swiss-roll sections from the transitional zone and skip
area of 1 SSHD patient with PHOX2B (a marker of enteric
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TOM PHOX2B DAPI

A TOM PHOX2B TUJ1

vGlut2¢re;R26t™m

TOM TUJ

Wnt1¢;R26%™™;Ednrb™

Figure 5. nMNCCs and tmNCCs might be the same population of descending vNCCs. (A) Representative image of E11.5
vGlut2©7;R26'7°™ guts with PHOX2B and TUJ1 staining. Dotted lines mark the sites of sections shown in panels B-D, and
arrowheads indicate mMNCCs within the mesentery. Vagus axons project into the stomach at E11.5 (arrow). (B-D) Transverse
sections showing the presence of PHOX2B™ mNCC (arrowheads) in the mesentery. Note fewer cells in the antimesenteric side
of the bowel. (F) Whole-mount preparation of an E11.5 gut from Wnt1°"¢;R26"7°™:Ednrb”- embryos showing scattered NCC
clumps within the aganglionic gut (arrowheads). (E’) High magnification of the boxed area in E. The same sample as shown in
panel E, showing the presence of mMNCCs in the isolated mesentery. (F) Whole-mount preparation of the gut from E12.0
Wnt1°7;R26"°" Ednrb ™" embryos. (F’) Magnified boxed area in panel F showing the mesenteric-to-antimesenteric distri-
bution of eNCCs within the midgut. (F”’) Transverse section at the level indicated by the dotted line in panel F. Arrowheads
indicate TOM™/SOX10" mNCCs. (F’ and F”’) Green dotted lines and red dotted lines mark the mesenteric and antimesenteric
borders, respectively. anti-m, antimesenteric border; D, duodenum; DAPI, 4',6-diamidino-2-phenylindole; HG, hindgut; m,
mesenteric border; ME, mesentery; MG, midgut; ST, stomach.

neurons) and S100 (a marker of enteric glia). In contrast
to the transitional zone, where ganglia were distributed in
a rostrocaudal gradient along the gut (Figure 8G-j),
several myenteric ganglia, containing both neurons and
glia, were detected within the aganglionic colon
(Figure 8K-L”). Meanwhile, no PHOX2B" neurons were
present within the hypertrophic nerve trunks along the
myenteric plexus (Figure 8M). Because the Swiss-roll

technique provided a relatively limited view of the com-
plete aganglionic intestine, it was possible that the iden-
tified small clusters of ganglia within the aganglionic
intestine might be connected to the most advanced
enteric neurons, and these connecting neurons were not
present in the selected Swiss-roll sections.’® However,
the skip segments within the aganglionic intestine of the
2 SSHD cases were both located far distal to the most
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advanced enteric neurons, making it much less likely We then proceeded to test whether SSHD-like
that the sparse connecting neurons might be missed via phenotypes could be recapitulated in postnatal
Swiss-roll technique. Thus, SSHD is a definite rare clin- Wnt1°7¢:R26% ™. Ednrb”~ mice. We first monitored the
ical entity. spatiotemporal formation of the segmental ENS within the
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aganglionic Ednrb”” guts from E14.5 to postnatal day 30
(P30). Although a few scattered NCC clumps were distrib-
uted along the aganglionic gut at E14.5, the mNCC-occupied
areas increased with development, leading to the occur-
rence of ganglionic segments within the aganglionic gut of
postnatal Wnt1%:R26""°™:Ednrb”" mice (Figure 9). To
examine the cellular components within the segmental ENS,
whole-mount staining of the distal gut from PO
Wnt1°%R26%9™°™-Ednrb”~ mice was performed to detect
TUJ1, SOX10, and PHOX2B (Figure 104 and A’). These
markers were used to distinguish enteric neurons (TUJ1%/
PHOX2B*/S0X107), enteric glia (TUJ1"/PHOX2B /SOX10%),
NCCs (TUJ1/PHOX2B"/S0X10%), extrinsic axons (TUJ1%),
and axon-associated SCPs (TUJ1"/PHOX2B /SOX10™). NCCs,
enteric neurons, and enteric glia were detected simulta-
neously within the segmental ENS (Figure 10B). Meanwhile,
SCPs invariably were associated intimately with extrinsic
axons within the aganglionic gut, and no NCC clumps were
detected in the vicinity around the extrinsic axons
(Figure 104 and A’).

Consistent with previous analyses that most human
SSHD cases are cases of TCA (Table 1), 90.32% (28 of 31) of
the mice with innervated skip areas showed TCA, and the
remaining mice presented with long-segment intestinal
aganglionosis (Figure 10C). Surprisingly, in contrast to the
lower incidence of SSHD in HSCR patients, innervated skip
areas were detected within the majority of the aganglionic
intestines of Wnt1¢"%:R26" 7" -Ednrb”" mice (55.36%; 31 of
56) (Figure 10C). Meanwhile, different from the restriction
of aganglionosis to the distal colon of Ednrb-deficient
mice,””°” the majority of Wnt1%R26" ™™ Ednrb”" mice
(80.36%; 45 of 56) showed aganglionosis extending all the
way through the colon and into the distal small bowel
(Figure 10C). Because Wnt1 signaling has been implicated to
play roles in neural crest lineage generation,”®”? together
with the finding that Wnt1-Cre transgenic mice show phe-
notypes in multiple aspects of midbrain development,®® one
potential explanation for the discrepant extent of aganglio-
nosis between Wnt1;:R26""°";Ednrb”" and Ednrb”" mice
might be that Wnt1 and Ednrb act synergically to control the
development of the ENS. To gain evidence of this specula-
tion, we examined the extent of aganglionosis of Ednrb™"
mice with the same genetic background as that of
Wnt1°7%:R269 ™™ Ednrb”~ mice. In line with previous ob-
servations,”’ a much lesser extent of aganglionosis was
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observed in Ednrb”" mice compared with that of
Wnt1¢%R26™ ™™ Ednrb”~ mice (Figure 10C). Thus, addi-
tional Wntl mutation in Ednrb”” mice has significantly
exacerbated the aganglionic phenotype, consequently high-
lighting the presence of skip segment within the aganglionic
intestine.

Together, these findings strongly suggest that the
segmental ENS in SSHD is derived from mNCCs.

Endothelin 3/Endothelin Receptor Type B , But
Not Glial Cell-derived Neurotrophic Factor/RET,
Signaling Pathway Might Play Roles in the
Etiology of SSHD

RET signaling is critical for ENS development, and the
inactivation of this pathway is the main cause of HSCR.®!
We further established the Wnt1¢¢:R26'7°™ Ret”" line to
examine the incidence of SSHD-like phenotypes in Ret”
embryos. In line with previous observations,°*®* all
Wnt1“%R26" "™ Ret’~ embryos from E12.5 to E18.5
showed total intestinal aganglionosis, except for an oc-
casional TCA case (Figure 114-C). In contrast to the high
incidence of SSHD in Wnt1%R26"™™:Ednrb”" mice, no
enteric neurons were detected within the aganglionic
Ret”” intestines (Figure 11C), thus implicating that RET
signaling might not be involved in the etiology of SSHD.
Because Ret and endothelin receptor type B (EDNRB)
both are expressed specifically in mNCCs, we speculated
that glial cell-derived neurotrophic factor (GDNF) and
endothelin 3 (EDN3), the ligands for Ret and EDNRB,
respectively, might have distinctive expression patterns
within the GI tract. To test this speculation, we performed
double fluorescence in situ hybridization, in combination
with SOX10 detection, to examine the expression levels of
Gdnf and Edn3 in the gut at E14.5, the stage at which
mNCCs undergo mesentery-gut migration. In addition to
diffuse weak signals within the mesentery, Gdnf and Edn3
indeed showed different expression patterns throughout
the whole gut. Edn3 consistently was localized mainly in
the serosal epithelium and the outermost layers of the
splanchnopleural mesenchyme, while Gdnf was highly
expressed in the developing muscle layers around the
NCCs (Figure 11D and D’). The distinctive expression
patterns of Gdnf and Edn3 thus suggested that EDN3 most
likely participates in the regulation of mNCC

Figure 6. 7(See previous page). mNCCs migrate into the gut to contribute to the ENS. (A) Temporal tracing of NCCs in

Plp1creER

2:R26"7°™ empbryos from E7.5 to E9.5. The dotted line marks the site of section on the right. Arrowheads indicate

TOM*/SOX10" premigratory NCCs within the neural tube (NT). Green arrows and red arrows indicate TOM/SOX10* and
TOM™/SOX10™ migratory NCCs, respectively. (B and C) Immunofluorescent detection of SOX10 and TOM in the midguts of
E14.5 Pip1°°ERT2,R06'7°M embryos after corn oil (CO) and TM injection at E9.5. Corn oil-induced control midgut showed
much lower basal CreERT leakage, thus CreERT leakage does not hamper lineage tracing of NCCs. (D) Representative midgut
from E14.5 Plp1°°fRT2,R26'7°™ embryos with SOX10 staining. Temporally traced mNCCs seem to be undergoing
mesentery—gut migration. (E) Quantification of the proportion of TOM*/SOX10" cells relative to the total number of SOX10™"
cells. Note the higher tracing efficiency of mNCCs in embryos with 12-hour tracing from E14.0 (n indicates the number of
samples). (F) Representative midgut segment from E14.5 Pip1°®ER2;R06197°M-Chat%FF embryos with 12 hours of tracing.
Traced mNCCs invade the gut and differentiate into cholinergic (TOM*/GFP*/SOX10; white arrowheads) and noncholinergic
(TOM*/GFP/SOX107; red arrowheads) neurons. Arrows indicate NCCs or NCC-derived glia (TOM*/GFP/SOX10%). (G)
Quantification of the percentage of traced mNCCs within the gut (n = 875 NCCs within the midgut from 5 embryos). ME,
mesentery; NT, neural tube.
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mesentery-gut migration, while GDNF/RET signaling is To further determine the effect of the EDN3/EDNRB
needed not only for the migration of eNCCs along the gut, signaling pathway on mNCC development, we compared

but also for mNCCs to enter the gut. the numbers of mNCCs in Wnt1¢:R26%TM
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Wnt1¢:R26%T°™-Ednrb”" embryos between E12.5 and
E14.5. Despite the substantial reduction in the total num-
ber of NCCs in Wnt1¢¢R26% ™™ Ednrb”” embryos, we
noticed that the decreased number of eNCCs was invari-
ably accompanied by a concomitant significant increase in
the number of mNCCs (Figure 11E-G). To determine
whether mNCCs underwent premature neurogenesis in
Wnt1%;R26' ™ Ednrb”~ embryos, the whole GI tracts
were stained for TUJ1 and TOM to trace mNCC-derived
mesenteric neurons. Although a comparable number of
TUJ17/TOM" neurons were detected within the Ednrb””
gut mesentery (Figure 11H), the percentage of mNCC-
derived neurons was significantly lower than that of
Wnt17%R26"™™ embryos (Figure 11I). Thus, different
from previous findings that EDN3 maintains the multi-
potency of NCCs by inhibiting their differentiation into
neurons,”*®* EDN3 signaling seemed to stimulate mNCCs
to differentiate into mesenteric neurons.

In summary, the EDN3/EDNRB signaling pathway
modulated the migration and differentiation of mNCCs, and
might be involved in the etiology of SSHD.

Discussion

The present study showed that a subset of vNCCs
migrate via the gut mesentery to make complementary
contributions to the ENS. Integrating our findings with
previous observations, we propose a modified model of ENS
development as follows (Figure 124 and B). First, vNCCs
migrate into the dorsal mesentery of the foregut (the
esophagus, stomach, and duodenum). Second, the majority
of vNCCs (ie, eNCCs) enter the foregut to migrate along the
gut, with the remaining vNCCs (ie, mNCCs) proceeding to
migrate along the gut mesentery. Third, during mesenteric
migration, mNCCs continuously invade the gut to maintain
the critical number of eNCCs for ENS formation. Because of
the relatively slow migration of mNCCs and the considerably
faster growth of the gut mesentery, the regions in which
mNCCs invade the gut already are occupied by eNCCs. For
this reason, mNCCs are indistinguishable from eNCCs. Based
on this model, together with the recapitulated SSHD-like
phenotypes in Wnt1“%R26""™:Ednrb”" mice, we propose
that mNCCs are the embryonic origin of the segmental ENS
in SSHD. The gut mesentery in SSHD patients provides a
favorable pathway for vNCCs, leading to an increased
number of mNCCs undergoing mesentery-gut migration to
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form a segmental ENS within the aganglionic bowel
(Figure 12D).

Several hypotheses have been proposed surrounding the
pathogenesis of SSHD. Later, we discuss our hypothesis in
light of these proposed models. If the migration of eNCCs
along the gut is accompanied by interactions between
eNCCs and gut mesenchymal cells, the most straightforward
explanation for the segmental ENS is that the defective
differentiation of eNCCs induces a discontinuous distribu-
tion of enteric neurons. This defective differentiation hy-
pothesis is based mainly on the spatiotemporal expression
patterns of some gut mesenchymal molecules, as exempli-
fied by GDNF, which is expressed in the stomach and cecum
in advance of the wavefront of Ret-expressing eNCCs.®>°® In
addition, high levels of EDN3 similarly are expressed in a
restricted manner by mesenchymal cells of the cecum
before and after the arrival of eNCCs.”” In line with the
expression pattern of EDN3, another study, by temporal
manipulating expression of Ednrb at different stages of
embryogenesis, argued that EDN3 is temporally required for
cecum colonization between E10.0 and E12.5.°® Notwith-
standing these studies, the spatiotemporal expression pat-
terns of GDNF and EDN3 are not correlated with the
locations of the segmental ENS. Given that SSHD-like phe-
notypes rarely are observed within the aganglionic in-
testines of Gdnf- and Edn3-deficient mice, together with the
existence of long segmental aganglionic regions in most
SSHD cases, defective differentiation of eNCCs in HSCR is
less likely to result in segmental ENS.

The second potential origin of the segmental ENS has
been hypothesized to be sNCCs. Under this hypothesis, the
aganglionic zones are explained as a failure of vNCCs and
sNCCs to merge together. However, sNCCs are unlikely to
be the embryologic basis of SSHD for several reasons. First,
sNCCs invade the hindgut either along the axons of neu-
rons in the nerve of Remak (in chicken embryos) or along
pelvic ganglion-arising axons (in mouse embryos).***?
Despite the phenotypic similarities between NCCs and
SCPs, SCPs are distinguished by their intimate associations
with neuronal axons, therefore raising the possibility that
these axon-associated sNCCs are sacral SCPs. Consistent
with this speculation, we detected axon-associated SCPs,
but not independent NCCs or NCC-derived neurons, within
the most distal aganglionic hindguts of Ednrb”" and Ret””
mice. Thus, the axon-associated sNCCs identified in mice
and chickens are most likely SCPs. Second, although the

Figure 7. (See previous page). mNCCs migrate into aganglionic guts to contribute to the ENS. (A) Whole-mount prep-
&
e

aration of an E13.5 Wnt1

e-RpoptdTem gut. Arrowhead and arrow indicate pioneer extrinsic axons and the wavefront of eNCCs,

respectively. (B) Whole-mount preparation of an E13.5 Wnt1°7;R26™7°™:Ednrb™" gut showing the loss of typical rostral-caudal
eNCC chain integrity along the gut. The arrowhead indicates pioneer extrinsic axons. (B’) Magnification of the boxed area in
panel B, showing 1 mNCC (arrowhead) migrating in or out of the midgut. (B”’) Magnified view of another boxed area in panel B,
showing a solitary NCC clump within the midgut. NCC-derived neurons (TOM*/PHOX2BS"9/TUJ1"), NCC-derived glia
(TOM™/PHOX2B"¢2/TUJ17), and NCCs (TOM*/PHOX2B®"™"9/TUJ1") are indicated by green arrowheads, red arrowheads,
and white arrowheads, respectively. (C and D) Segmental ENS within the aganglionic guts of E14.5 and E15.5
Wnt1°7;R26'"7°™:Ednrb”~ embryos. Red arrows indicate the migratory wavefront of eNCCs. White arrows indicate pioneer
pelvic ganglion-arising axons within the hindgut. (C’) Magnified view of the boxed area in panel C, showing mNCC-derived
neurons (TOM*/TUJ17) and glia (TOM*/B-FABP™). (C”) Magnified view of another boxed area in panel C showing mesen-
teric (arrowheads) and enteric (arrow) neuronal clumps. (D) Magnified view of the boxed area in panel D, showing extrinsic
axon-associated SCPs (TOM*/B-BFAP™). CC, cecum; ME, mesentery.
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sNCC model might provide an explanation for the skip
areas in the rectum, this model could not provide a
convincing explanation for the location of the most com-
mon skip areas within the ileocecal region (Table 1). Third,
given the contribution of SNCCs to the ENS, skip areas with
enteric neurons are expected to be detected within the
distal intestine of most HSCR patients. By contrast,
although previous studies have shown that the numbers of
sNCC-derived neurons are increased slightly in the agan-
glionic hindgut of chicken embryos,®>"®° aganglionosis
invariably were detected within the distal intestines of
genetic mutant mice and HSCR patients, thus arguing
against this sNCC theory. Nevertheless, a possible expla-
nation for the failure of sNCCs to compensate for the loss of
enteric neurons in HSCR patients might be that the genetic
environmental factors that cause aganglionosis similarly
affect the development of sNCCs, and this speculation re-
mains to be addressed.

During migration through the cecum, a stream of pioneer
eNCCs migrates extramurally along the mesenteric border of
the cecum, invades into the proximal colon, and backfills the
cecum.’*** Based on this unique behavioral pattern of
eNCCs through the cecum, together with the defective
extramural migration of NCCs in Edn3 mutant embryos,
Kapur et al'” proposed that the segmental ENS might arise
from these backfilling eNCCs. Under this hypothesis, skip
segments jointly result from the defective backfilling of
eNCCs and the delayed migration of eNCCs along the prox-
imal intestine. Consistent with this model, our data provided
compelling evidence that vNCCs migrate directly into the
mesentery, implying that extramural migrating NCCs are
most likely the same population of mNCCs. Moreover, the
preferential migration of Ednrb”” vNCCs along the gut
mesentery is consistent with the defective migration of
NCCs along the mesenteric border of the cecum of Edn3”"
embryos. Thus, this backfill model could be incorporated
into our mNCC model to better explain the pathogenesis of
SSHD.

A recent time-lapse tracing study showed that a pop-
ulation of midgut eNCCs migrated across the mesentery
to the hindgut, serving as the principal source of the
colonic ENS. Takahashi et al*® speculated that the agan-
glionic gaps in SSHD patients might indicate a failure of
the eNCCs and tmNCCs to merge. Similar to the backfill
model, although the tmNCCs could account for skip areas
in the postcecum gut, it is unlikely that tmNCCs are the
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origin of the segmental ENS within the ileum, cecum, and
rectum (Table 1). Moreover, based on the developmental
anatomy of human intestine, recent work has implicated
that transmesenteric migration is unlikely to occur in
normal human embryogenesis.”” The main difference
between our model and the tmNCC model lies in the
hypothesized origin of the NCCs within the gut mesentery.
Based on the location of mNCCs within the gut mesentery,
Nishiyama et al®® preliminarily concluded that tmNCCs
were derived from midgut eNCCs. In contrast, our results
showed that removal of the eNCCs from the midgut of
Ednrb”” embryos did not induce a concomitant loss of
NCCs within the mesentery, thus excluding the possibility
that tmNCCs arise from midgut eNCCs in Ednrb”" em-
bryos. Therefore, our model not only provided convincing
evidence for the origin of the mNCCs, but also explained
the variable positions of the skip areas better than the
tmNCC model.

Zonal aganglionosis is another rare variant of HSCR and is
characterized by a segment of aganglionic bowel that is pre-
ceded and followed by bowel with normal innervation.">”"
Multiple skip areas have been detected within the agan-
glionic intestine of some SSHD patients (Table 1). Conse-
quently, SSHD is sometimes referred to as “double zonal
aganglionosis.”® Although typical zonal aganglionosis-like
phenotypes were not detected in our study, scattered
mNCC-derived NCC clumps occasionally occurred within the
aganglionic gut of Wnt1%;R26""°™:Ednrb”" embryos during
early embryonic stages. Because the phenotypic discrep-
ancies between zonal aganglionosis and SSHD include the
locations, lengths, and numbers of skip areas within the
aganglionic intestine, and because these differences could be
explained by the variable contribution of mNCCs to
the segmental ENS, it is likely that mNCCs are the
embryonic origin of the distal ganglionic segment of zonal
aganglionosis.

The EDN3/EDNRB and GDNF/RET signaling pathways
have been shown to regulate eNCC migration both inde-
pendently and cooperatively. Higher expression levels of
GDNF and EDN3 are detected in the cecum and colon after
E14.5 when the gut has been fully colonized,®””# impli-
cating that GDNF and EDN3 play additional roles in ENS
development after the gut has been completely colonized
by eNCCs. Although the Ret mutation is the most common
genetic cause of HSCR, our data showed that the incidence
of SSHD in Ret”" mice was much lower than that in

Figure 8. (See previous page). Presence of enteric neurons within the human aganglionic intestines. (A) Schematic
illustration for preparation of human intestines with the Swiss-roll technique. (B) Representative Swiss-roll colonic section with
H&E staining. (C—F) Magnified views of the corresponding boxed areas in panel B. (C’-F’) Magnified views of the corresponding
boxed areas from panels C-F. The dotted lines mark the boundaries of hypertrophic nerve trunks. (E’) Arrowheads indicate
enteric neurons within the ganglia. (G) Representative Swiss-roll section from the transition zone of an SSHD patient. (H-J)
Magnified views of the corresponding areas in panel G, showing the presence of both PHOX2B™ neurons and S100* glia
within the ganglia. (H) Arrows and arrowheads indicate glia and neurons, respectively. Note the weak PHOX2B signals in
S100™ glia. Dotted lines indicate the boundaries of individual enteric ganglia. (K) Representative Swiss-roll colonic section from
the skip area of the same SSHD patient as in panel G. (L-L”) Magnified views of the corresponding areas showing the
presence of PHOX2B™ neurons (arrowheads) and S100™" glia (arrows) within the aganglionic colon. Note the weak PHOX2B
signals in S100" glia. (M) Magnified view of the boxed area in panel K showing hypertrophic nerve trunks. No PHOX2B"
neurons are present within these ganglia. CC, cecum; d, distal; DAPI, 4’,6-diamidino-2-phenylindole; LI, large intestine; p,

proximal; Sl, small intestine.
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Figure 9. Spatiotemporal

formation of the
segmental ENS. mNCCs
form  segmental ENS

within the aganglionic guts
of (A) E14.5, (B) E16.5, (C)
PO, (D) P4, (E) P12, and 7(F)
P30 Wnt1°";R26'7°
m-Ednrb”" mice. (A) The
green arrow indicates the
migration wavefront of
eNCCs that have stalled in

proximal

mNCCs Contribute to the ENS 17

Wnt1¢r;R26'™™;Ednrb™
<

distal

the midgut. (A and B) Red D cc
arrows indicate pioneer
pelvic ganglion-arising
axons. (A’ and A”) Higher
magnification of the cor-
responding boxed areas in
panel A showing solitary
NCC clumps. (F) Repre-
sentative transverse sec- [TOM

tion of the hindgut of a F P30

P30 Wnt1¢;:R26970-
m-Ednrb”~ mouse at the
approximate site indicated
by the dotted line in panel
F, which shows that
mNCCs differentiate into
enteric neurons (TOM*/
HU") and glia (TOM™/
GFAP™"). (F”) Magnified
view of the boxed area in
panel F’. CC, cecum;
GFAP, glial fibrillary acidic
protein; HU, type 1 anti-
neuronal nuclear.

- TOM

TOM GFAP HU

777777

Ednrb”~ mice. Although the lower incidence of SSHD in
Ret”” mice could be owing to the profound effect of Ret
deficiency on the development of the ENS, the distinctive
expression patterns of Gdnf and Edn3 along the GI tract
implicate the EDN3/EDNRB, but not the GDNF/RET,
signaling pathway might be involved in the pathogenesis
of SSHD. This speculation was in agreement with the
recent identification of an Ednrb mutation in SSHD pa-
tients.?” In contrast to Ret coding mutations, which ac-
count for 7%-35% of sporadic HSCR cases and 50% of
familial HSCR cases,”® mutations in the Ednrb gene are
found in 7% of all HSCR patients,”* potentially providing
insights into the underlying reasons for the lower inci-
dence of SSHD in HSCR patients. Although identifying the

molecular pathways underlying the pathogenesis of SSHD
is not the main focus of the present study, because SSHD-
like phenotypes were recapitulated in the majority of
Ednrb”" mice, but not in Ret”” mice, it would be of interest
to investigate how the EDN3/EDNRB and GDNF/RET
signaling pathways coordinately balance the relative
abundances of eNCCs and mNCCs to ensure the proper
development of the ENS in the future. Recently, Tang
et al’® performed whole-genome sequence analysis of
patients with short-segment HSCR and identified addi-
tional HSCR relevant mutant genes, including Erbb2 and
Bace2. Thus, addressing the roles of Erbb2 and BaceZ2 in
ENS development also would be one scientific direction to
uncover the etiology of SSHD.
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Wnt1¢e;R26"™m:Ednrb™”

\

proximal «—— > distal

C Developmental stage (E14.5~P30)
Total cases TCA DCA SSHD TCA with SS DCA with SS
Ednrb™* 34 4 30 0 0 0
Wnt1¢e;R26'™™;Ednrb™ 56 45 11 31 28 3

Figure 10. Presence of enteric neurons within the aganglionic gut of Wnt1°7;R26'7°™;Ednrb™- mice. (A and A’) Whole-
mount views of the gut from a PO Wnt1°°;R26'™°"-Ednrb™ mouse, showing an innervated segment within the aganglionic
intestine. Arrowheads indicate the proximal wavefront of eNCCs and arrows indicate pioneer pelvic ganglion-arising axons
within the distal hindgut. (B) Representative magnified view of the innervated segment, showing mNCC-derived neurons
(TUJ11/PHOX2B*/SOX107; white arrowheads), mNCC-derived glia (TUJ1/PHOX2B/SOX10™; green arrowheads), and NCCs
(TUJ1/PHOX2B*/SOX10*; red arrowheads). (C) Incidence of different types of aganglionosis within the guts of Ednrb™ and
Wnt1€:R26"7°™:Ednrb”" mice. CC, cecum; DCA, distal colonic aganglionosis; DCA with SS, skip segment within DCA
sample SS, skip segment; TCA, total colonic aganglionosis; TCA with SS, skip segment within TCA sample.

Materials and Methods All the mouse lines used in our study were maintained on a

Mouse Lines and Preparation of Mouse Samples C57BL/6 genetic background. The mice were maintained in
All mouse experimental procedures were approved by a specific pathogen-free environment and fed with auto-

the Animal Care and Use Committee of Zhejiang University. clavable natural-ingredient diets (Xietong Shengwu, Lab
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current ENS
development model

modified ENS
development model

A

Figure 12.mNCCs are
the embryonic origin of
segmental ENS in SSHD.
(A) Schematic model of

‘i} reaxk current ENS development.

» | 1 I )j‘i RrTh vNCCs invade the foregut
" Iy &% 2% and migrate rostrocaudally
< " to colonize the gut. (B)
vy . ¢ Model of modified ENS
AR gy RG 2y At development. mNCCs
migrate along the gut

mesentery and undergo
mesentery—gut  migration
to make a complementary
contribution to the eNCC
pool. (C) Pathogenic model
of HSCR. Defective migra-
tion of both eNCCs and
mNCCs jointly results in
aganglionosis in the distal
bowel. (D) Pathogenic
model of SSHD. mNCCs
preferentially migrate via
the gut mesentery to form
segmental ENS within the
aganglionic gut.

HSCR SSHD

mesentery

mice diet 1010010). The following mouse lines were ob-
tained from The Jackson Laboratory (Bar Harbor, ME):
Wnt1® (JAX 022137), Plp1¢*ERT2 (JAX 005975), R26%T™
(JAX 007909), Phox2b™" (JAX 022407), R26™" (JAX
026932), Chat®™ (JAX 006410), Chat®™" (JAX 007902), Vip©"™
(JAX 010908), vGIut2“™ (JAX 016963), vGat“™ (JAX 016962),
Ednrb™" (JAX 003295), and Ret™" (JAX 009085). The Nes-
tin“* line was obtained from the RIKEN BioResource Center
(RBRC06355; TsukubaT, Japan). Dbh“" mice were generous
gifts from Giinther Schiitz (German Cancer Research Center,
Heidelberg, Germany).”” Tamoxifen (T5648; Sigma-Aldrich,
St. Louis, MO) was dissolved in corn oil (C8267; Sigma, St.

ranging from 30 to 150 ug per gram of body weight for
different efficiencies of genetic tracing. Whole embryos and
the gastrointestinal tracts were fixed in 4% para-
formaldehyde in phosphate-buffered saline (PBS) for 2-24
hours according to tissue sizes at room temperature. Then,
the samples were either embedded in OCT media (45830;
HistoLab, Askim, Sweden) for cryostat sectioning or kept in
PBS for whole-mount staining.

Collection and Preparation of Human Samples
After approval by the Scientific Ethics Committee of The
Wuhan Children’s Hospital, intestinal biopsy specimens

Louis, MO) for lineage-tracing experiments. Pregnant fe-
males were injected intraperitoneally with a concentration

from HSCR patients undergoing bowel resections were
collected and prepared with the Swiss-roll technique as

Figure 11. (See previous page). EDN3/EDNRB, but not GDNF/RET, signaling pathway plays roles in the migration and
differentiation of MNCCs. (A) Representative image of an E12.5 Wnt1°%;R26'%7°™:Ret”~ gut showing aganglionosis along the
whole gut. (B) Representative image of the distal hindgut from an E18.5 Wnt1%;R26'7°™:Ret”" embryo. No ganglionic
segment exists within the aganglionic gut. (C) Incidence of different types of aganglionosis within the gut of Wnt1<¢;R26'7°™;
Ret”" embryos. (D) Representative section of an E14.5 midgut with Edn3 and Gdnf double-fluorescence in situ hybridization
combined with SOX10 staining. (D’) Magnified view of the boxed area in panel D. (E and F) Whole-mount preparations from
E12.5 Wnt1€7;R26™7°™ and Wnt1°7®;R26'97°™:Ednrb™~ embryos. Note the increased number of mNCCs within the Ednrb™” gut
mesentery. Green arrowheads indicate mMNCC-derived neurons. (E’ and F’) Transverse sections at the levels indicated by the
dotted lines. Arrowheads indicate mNCCs. (G) Quantification of the number of mMNCCs within the entire gut mesentery from
Control and Ednrb™ embryos (n indicates the number of samples). (H) Quantification of the number of mMNCC-derived neurons
within the entire gut mesentery from Control and Ednrb™~ embryos (n indicates the number of samples). (/) Quantification of the
percentage of mMNCC-derived neurons (n indicates the number of samples). (G-/) **P < .01; ns, not significant. CC, cecum;
DAPI, 4',6-diamidino-2-phenylindole; DCA, distal colonic aganglionosis; DCA with SS, skip segment within distal colonic
aganglionosis sample; HG, hindgut; MG, midgut; SS, skip segment; TA, total aganglionosis; TCA, total colonic aganglionosis;
TCA with SS, skip segment within total colonic aganglionosis sample.
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previously described.”® Briefly, the intestines were divided
into several segments and each segment was cut open
longitudinally along the mesenteric line. Then the segments
were rolled up with a toothpick to form a Swiss roll. Finally,
the intestine samples were fixed in 10% formalin prepared
in PBS overnight at room temperature for paraffin
embedding.

Staining Procedures

Whole-mount staining was performed as described
previously.”” Tissues were isolated and fixed in 4% para-
formaldehyde/PBS for 6-24 hours according to tissue sizes
at room temperature, followed by further fixation with
Dent’s solution (methanol:dimethyl sulfoxide 4:1) for 3-24
hours at room temperature. Primary antibodies and sec-
ondary antibodies were applied in 1% bovine serum albu-
min/PBS-Triton solution (0.5% Triton X-100; 9002-93-1;
Sigma-Aldrich, St. Louis, MO) for 36-48 and 12-24 hours,
respectively. After washing, the samples were cleared with
BABB solution (benzyl alcohol:benzyl benzoate 1:2; Sigma)
for imaging.

For immunofluorescence in frozen sections, embryos
embedded in OCT were sectioned (30-60 um) using a Leica
Cryostat (LeicaCM1860; Leica biosystems, Nussloch, Ger-
many). Primary and secondary antibody immunodetections
were performed for 24 and 2 hours at room temperature,
respectively, in 1% bovine serum albumin/PBS-Triton so-
lution. Paraffin sections were cut at 5 um and collected on
charged slides to dry overnight at 65°C. After deparaffini-
zation, paraffin sections underwent antigen retrieval in cit-
rate buffer solution (10 mmol/L sodium citrate, 0.05%
Tween-20, pH 6.0) at 100°C for 20 minutes. Then, the sec-
tions followed the same procedure as that for cryosection.

The following primary antibodies were used: rabbit anti-
GFP (1:3000; A11122, ThermoFisher, Waltham, MA);
chicken anti-GFP (1:3000; ab13970, Abcam, Cambridge,
UK); rabbit anti-RFP (1:2000; ab62341, Abcam); goat anti-
mCherry (1:1000; AB0040-200, SICGEN, Cantanhede,
Portugal); chicken anti-dsRed (1:3000; CPCA-mcherry,
Encor Biotechnology, Gainesville, FL); goat anti-SOX10
(1:500; AF2864, R&D, Minneapolis, MN); mouse anti-TUJ1
(1:3000; ab78078, Abcam); rat anti-PECAM-1 (1:4000;
553371, BD Pharmingen, San Diego, CA); goat anti-RET
(1:500; sc-167-G, Santa Cruz, Dallas, TX); rabbit anti-P75
(1:200; G3231, Promega, Madison, WI); rabbit anti-B-
FABP (1:1000; kindly provided by Thomas Miiller)’?; guinea
pig anti-ERBB3 (1:1000; kindly provided by Thomas
Miiller)®°; rabbit anti-PHOX2B (1:1000; kindly provided by
Jean-Francois Brunet)®’; goat anti-PHOX2B (1:1000; AF-
4940, R&D, Mnneapolis, MN); rabbit anti-PHOX2B (for hu-
man samples: 1:250; EPR14423, Abcam, Cambridge, UK);
rabbit anti-PH3 (1:1000; 04-817, ThermoFisher); mouse
anti-type 1 anti-neuronal nuclear (1:1000; A-21271, Ther-
moFisher); rabbit anti-glial fibrillary acidic protein (1:1000;
70334, Dako, Santa Clara, CA); and mouse anti-S100 (1:500;
MABO079-1, Millipore, Burlington, MA). The secondary anti-
bodies used were Alexa-405, Alexa-488, Alexa-555, and
Alexa-637 (all at 1:1000; Life Technologies, Carlsbad, CA).
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Single-Molecule RNA In Situ Hybridization

Gdnf (cat no. 421941-C2, targeting 421-1446 of
NM_007903.5) and Edn3 (cat no. 505841, targeting 12-765
of NM_010275.2) RNAscope probes were designed and
manufactured by Advanced Cell Diagnostics (Newark, CA).
Serial sections from E14.5 embryos were cut at 20 um and
collected for in situ hybridization following the protocols
provided by the manufacturer.®!

Microscopy and Imaging

Images were collected on an Olympus Fluoview FV3000
confocal microscope (Olympus, Beijing, China). Whole-
embryo and gut images were obtained by tile scanning
with a 10x objective and automatic stitching. Images were
processed and analyzed with Adobe Photoshop (Adobe, San
Jose, CA) and Image] (version 1.53g; National Institutes of
Health, Bethesda, MD).

Statistical Analyses

Based on the assumptions of normality, the
Kruskal-Wallis test and t test were used to perform statis-
tical analyses with the aid of GraphPad Prism Software v7.0
(GraphPad; San Diego, CA). Results are expressed as means
+ SEM. Statistical significance was assumed if the P value
was less than .05. For each experimental group, at least 3
embryonic samples from at least 2 pregnant mice were
analyzed. Detailed statistical information for n and P values
for each experiment are listed in the corresponding figure
legends.
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