Cell Tissue Res (2005) 319: 367-382
DOI 10.1007/s00441-004-1023-2

REGULAR ARTICLE

Adam S. Wallace - Alan J. Burns

Development of the enteric nervous system, smooth muscle
and interstitial cells of Cajal in the human gastrointestinal tract

Received: 16 July 2004 / Accepted: 19 October 2004 / Published online: 26 January 2005

© Springer-Verlag 2005

Abstract The generation of functional neuromuscular ac-
tivity within the pre-natal gastrointestinal tract requires the
coordinated development of enteric neurons and glial cells,
concentric layers of smooth muscle and interstitial cells
of Cajal (ICC). We investigated the genesis of these dif-
ferent cell types in human embryonic and fetal gut ma-
terial ranging from weeks 4—14. Neural crest cells (NCC),
labelled with antibodies against the neurotrophin receptor
p75N™R entered the foregut at week 4, and migrated ros-
trocaudally to reach the terminal hindgut by week 7. Ini-
tially, these cells were loosely distributed throughout the
gut mesenchyme but later coalesced to form ganglia along
a rostrocaudal gradient of maturation; the myenteric plex-
us developed primarily in the foregut, then in the midgut,
and finally in the hindgut. The submucosal plexus formed
approximately 2—3 weeks after the myenteric plexus, arising
from cells that migrated centripetally through the circular
muscle layer from the myenteric region. Smooth muscle
differentiation, as evidenced by the expression of &x-smooth
muscle actin, followed NCC colonization of the gut with-
in a few weeks. Gut smooth muscle also matured in a ros-
trocaudal direction, with a large band of &-smooth muscle
actin being present in the oesophagus at week 8 and in the
hindgut by week 11. Circular muscle developed prior to
longitudinal muscle in the intestine and colon. ICC emerged
from the developing gut mesenchyme at week 9 to surround
and closely appose the myenteric ganglia by week 11. By
week 14, the intestine was invested with neural cells, lon-
gitudinal, circular and muscularis mucosae muscle layers,
and an ICC network, giving the fetal gut a mature appearance.
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Introduction

The gastrointestinal tract is formed from a primitive gut
tube that arises early in development and consists of the
endoderm, which gives rise to the inner epithelial lining of
the gut, and splanchnic mesoderm, which gives rise to the
smooth muscle (Roberts 2000). During the development
of the gastrointestinal tract, neurectoderm-derived neuro-
nal precursors colonize the lengthening gut and become
distributed in concentric plexus within the gut wall to form
the enteric nervous system (ENS), the intrinsic innervation
of the gastrointestinal tract. All of the neurons and glial
cells of the ENS are derived from the neural crest. Neural
crest cell (NCC) ablation studies (Yntema and Hammond
1954; Peters-van der Sanden et al. 1993; Bums et al.
2000), quail-chick interspecies grafting (Le Douarin and
Teillet 1973, 1974; Burns and Le Douarin 2001) and other
cell-tracing experiments (Epstein et al. 1994) have dem-
onstrated that the rhombencephalic (vagal) neural crest,
adjacent to somites 1-7, contributes the majority of ENS
cells along the entire length of the gut. A contribution from
the sacral neural crest to the post-umbilical gut has also
been demonstrated in the chick and mouse (Le Douarin
and Teillet 1973; Pomeranz and Gershon 1990; Pomeranz
et al. 1991; Serbedzija et al. 1991; Burns and Le Douarin
1998), although the extent of the contribution and the phe-
notypes that arise from these cells have yet to be fully
elucidated in mammals.

ENS formation requires the co-ordinated migration, pro-
liferation, differentiation and survival of NCC within the
developing gut. Numerous genes/signalling molecules have
recently been shown to be involved in these processes;
these include transcription factors (e.g. Phox2b, Sox10,
Pax3, Mash1), components of the RET and ET-3/EDNRB
signalling pathways, secreted proteins (Hedgehog, BMPs),
neurotrophic factors (e.g. neurotrophin-3) and extracellu-
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lar matrix (ECM) molecules (e.g. laminin) (Gershon 1998,
1999a,b; Taraviras and Pachnis 1999; Ramalho-Santos et al.
2000; Manie et al. 2001; Chalazonitis et al. 2004). Muta-
tions in genes encoding some of these signalling molecules
have been documented in patients with Hirschsprung dis-
ease (HSCR), a congenital defect affecting the gut of 1 in
5,000 newborn infants (Wartiovaara et al. 1998; Amiel and
Lyonnet 2001). In HSCR, the hindgut (usually the distal
colon) is devoid of enteric neurons and glia, a condition that
results in life-threatening intestinal obstruction and mega-
colon (Kapur 1999).

Much evidence has been accumulated suggesting that,
in order to develop normally, migrating NCC interact with
signalling cues that are encountered along their migration
pathways (Le Douarin and Kalcheim 1999). It is therefore
not surprising that interactions between migrating NCC and
the local gut environment are essential for normal ENS
development. For example, in the RET and ET-3/EDNRB
pathways, the receptor components (RET, GFRx1; EDNRB)
are present on migrating NCC (Pachnis et al. 1993; Nataf
et al. 1996), whereas the ligands (glial-cell-derived neuro-
trophic factor, GDNF; ET-3) are expressed in the gut mes-
enchyme (Hellmich et al. 1996; Leibl et al. 1999). GDNF
has been shown to promote the survival, proliferation and
neuronal differentiation of ENS precursor cells in vitro
(Heuckeroth et al. 1998; Gianino et al. 2003) and has also
been demonstrated to be a chemoattractant for vagal NCC
(Young et al. 2001; Natarajan et al. 2002). The role of ET-
3 is less clear but it has been shown to affect the rate of
colonization and possibly the number of vagal NCC that
migrate along the gut (Barlow et al. 2003). ET-3 may also
affect the environment through which NCC migrate, as
increased expression of the ECM molecule, laminin, is
evident within the gut of mice lacking ET-3 (Rothman et al.
1996). Alterations in laminin and collagen type IV (Parikh
et al. 1992) and other molecules, including tenascin and
fibronectin (Parikh et al. 1994), and nidogen (Parikh et al.
1995) have been documented in patients with HSCR, thus
implicating ECM molecules in enteric neurogenesis. ECM
molecules have various roles in development, including
the provision of matrices for navigation during cell mi-
gration, and the promotion of neurite outgrowth, neuronal
differentiation and cell survival, and are produced by the
gut mesenchyme and subsequently by smooth muscle and
basal lamina (Tamiolakis et al. 2002; Rauch and Schafer
2003). It is therefore important to correlate the develop-
ment of NCC in the gastrointestinal tract with the de-
velopment of the smooth muscle layers in order to provide
a basis for further studies investigating the expression of
ECM molecules during human gut development.

In addition to the NCC-derived neurons and mesen-
chymal smooth muscle, a third class of cell type has been
shown to be involved in the mature neuromuscular func-
tion of the gut. These specialized network-forming cells,
the interstitial cells of Cajal (ICC), have diverse mor-
phologies (Burns et al. 1997) and a variety of functions in
the different regions of the gut (Hirst and Ward 2003).
These include the generation of gut pacemaker activity
(the basis for the electrical slow waves that underlie the

phasic contractions of gastrointestinal muscles; Ward et al.
1994) and the transmission of nerve signals to the smooth
muscle (Burns et al. 1996; Ward et al. 2000). ICC are de-
rived from the gut mesenchyme (Lecoin et al. 1996; Young
et al. 1996) and require signalling through the kit tyrosine
kinase receptor (Chabot et al. 1988) and its ligand, stem cell
(steel) factor (SCF; Zsebo et al. 1990) for their development
(Ward et al. 1994, 1995; Huizinga et al. 1995). ICC can
be immunohistochemically labelled by using anti-kit anti-
bodies (Burns et al. 1997) and, although such antibodies
have been used to good effect to study the development
of ICC in animal models (Ward and Sanders 2001), little
information is available regarding the early differentiation
of these cells in the human gut. Investigations have in-
stead focused on the role of ICC in a range of clinical con-
texts (Kenny et al. 1998; Hagger et al. 2000; Rolle et al.
2002; Feldstein et al. 2003; Tong et al. 2004).

Here, our aim has been to examine the spatiotemporal
development of the three cell types necessary for gut neu-
romuscular activity. We have utilized human embryos and
fetal material ranging from weeks 4 to 14 of development
and show that the entire length of the gut is colonized by a
rostrocaudal wave of migrating NCC at week 7. Smooth
muscle development also occurs as a rostrocaudal wave of
maturation, with distinct circular muscle layers appearing
in the foregut at week 8 and in the hindgut by week 11.
ICC begin to differentiate from the gut mesenchyme at
week 9 and rapidly become oriented to surround the ENS
cells of the myenteric plexus.

Materials and methods
Human embryonic and fetal material

Human material was obtained from voluntary medical or
surgical terminations of pregnancy (MTOP/STOP) after
parental consent and ethical approval from the local com-
mittee had been obtained. Staging of embryos was carried
out according to the Carnegie system by using anatomical
features and foot length as guides to age. Tissue was ob-
tained in the UK from either the Human Developmental
Biology Resource (HDBR), a resource funded jointly by
the Medical Research Council (MRC) and the Wellcome
Trust, or from the MRC-funded Tissue Bank.

Embryos aged between 4 weeks and 6 weeks were pre-
pared intact, whereas in older specimens aged between 7
weeks and 14 weeks, the gastrointestinal tract was dissected
free from surrounding tissue, straightened and pinned out in
a Sylgard-coated dish (Dow Corning). Embryos or seg-
ments of gut were chemically fixed in 4% paraformalde-
hyde (PFA) for 3—4 h or overnight, depending on size. They
were then rinsed repeatedly in phosphate-buffered saline
(PBS; 3%5 min) and prepared for wax embedding or for
cryosectioning. For wax embedding, tissues were dehy-
drated through an ascending series of alcohol (1x5 min
each), cleared in Histoclear (2x5 min) and then left over-
night in molten wax at 56°C prior to embedding. For cryo-
sectioning, samples were left overnight in 15% sucrose



solution in PBS and then transferred to a solution containing
15% sucrose, 5% gelatin in PBS at 37°C. Tissues were then
placed in blocks, oriented appropriately in the cooling gel-
atin solution and frozen in isopentane, precooled in liquid
nitrogen to —60°C.

Sectioning

Transverse sections were cut from whole embryos and
dissected gut segments. Sections were obtained at a thick-
ness of 6 um from wax blocks and 10—15 um from frozen
blocks. All sections were placed on Superfrost Plus micro-
scope slides (BDH Laboratories). Adjacent sections were
also prepared for double immunohistochemical labelling.

Immunohistochemistry

Slides were initially treated to remove supporting media.
Wax sections were placed in Histoclear (National Diagnos-
tics, Atlanta, USA; 3x5 mins) and then rehydrated through a
descending series of alcohol (1x5 min each) to PBS (Oxoid,
Basingstoke, UK). Frozen sections were incubated for 30
min in PBS warmed to 37°C to remove the cryoprotectant.
Primary antibodies (Table 1) were applied overnight at 4°C
in a humid box. Slides were then washed extensively in PBS
(3x5 mins) and treated with appropriate secondary anti-
bodies (Table 2) for 1 h at room temperature. Following
further washes in PBS (3x5 mins), antibody labelling were
visualized with the fluorescent markers Alexa 488 (Mo-
lecular Probes, Oregon, USA), Cy3 (Amersham Pharmacia
Biotech, Buckinghamshire, UK) or with the reaction prod-
uct of diaminobenzidine (DAB; Sigma, Poole, UK), as
detailed in Table 2. Negative control experiments were
performed by omitting the primary antibody. Following
DAB staining, sections were dehydrated through an as-
cending series of alcohols (1x5 min each), cleared in Histo-
clear (2x5 mins) and mounted in DPX (Fisher Scientific,
Loughbourgh, UK). Fluorescently labeled sections were
mounted in Fluoromount-G (Southern Biotech, Birming-
ham, USA).

Images were captured on a Zeiss Axiophot microscope
equipped with a Hamamatsu C4742-95 or Leica DC-500
digital camera by using Improvision Openlab (v3.11) and
Leica Firecam (v1.20) software, respectively. Figures were
assembled and annotated by using Adobe Photoshop 7
software (Adobe).

Table 1 Primary antibodies

Primary antibody Species Dilution Source
p75NTR Rabbit 1:250 Promega
Kit Rabbit 1:100 DAKO
«-Smooth muscle actin Mouse 1:200 DAKO
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Table 2 Secondary antibodies

Secondary Dilution Source Visualization

antibody

Goat anti- 1:100  Southern Streptavidin Cy3 (1:400, Amer-

rabbit IgG biotech sham) or streptavidin-HRP

biot (1:100, Southern Biotech), then
DAB (1:50, Sigma)

Rabbit anti- 1:400  Southern Streptavidin Alexa488 (1:200,

mouse IgG biotech Molecular Probes)

biot

Results

Rostrocaudal gut colonization by p75™"R-positive

neural crest cells

At week 4 of development (the earliest stage examined in
this study), neural crest cells (NCC) were observed mi-
grating away from the neural tube along stereotypical dor-
soventral pathways, on each side of the embryo, lateral to
the dorsal aorta (Fig. 1a). NCC were evenly scattered within
the mesenchyme of the dorsal foregut (Fig. 1b) and were
also apparent within the rostral midgut, where they were
randomly distributed with the gut mesenchyme (Fig. 1c¢).
Crest cells were not observed within the caudal midgut
and hindgut at this stage of development (not shown). At
week 5, a similar distribution pattern of NCC was ob-
served within the dorsal aspect of the foregut, although
at this stage, crest cells had begun to coalesce and form
loose chains of cells (Fig. 1d). In the pre-umbilical in-
testine, close to the liver, NCC were present within the
gut mesenchyme (Fig. le) and, further along the midgut,
NCC encircled the gut wall (Fig. 1f), where they grouped
together to form T%rimitive ganglia (Fig. le, f). At week 6,
numerous p75" "R-labelled NCC were observed within
the stomach (Fig. 2a). These cells were present in small
groups that were distributed towards the outer aspects of
the gut mesenchyme, away from the submucosal region.
Nerve fibres that were p75™ “-positive and derived from
the vagus nerve were mainly located outside the stomach,
although occasional fibres appeared to project into the
stomach wall (Fig. 2a). In the midgut, NCC were present
in groups of cells that were distributed in the outer layers
of the gut mesenchyme at the site of the future myenteric
plexus (Fig. 2b—e). Crest cells were not observed in the
mesenchymal layers underlying the gut mucosa. Oblique
sections through the midgut (Fig. 2b, c) revealed that the
small groups of NCC were interconnected by a fine branch-
ing network of p75N"®-positive projections. The hindgut
was not colonized by NCC at this stage of development
(Fig. 2f). At week 7, in the oesophagus, crest cells were
located external to the circular muscle layer and were or-
ganized into distinct ganglia (Fig. 3a). Enteric ganglia were
also apparent within the stomach (Fig. 3b) and were dis-
tributed in the outer muscle layers. In the midgut, NCC
encircled the gut, external to the circular muscle layers, and
had coalesced to form primitive ganglia (Fig. 3c—e). In the
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Fig. 1 Development of p75™ " ®-immunopositive neural crest cells
(NCCQ). a At week 4, p75N™-labelled cells (brown) migrated away
from the neural tube (nf) and were present in streams of cells
(arrows) located lateral to the dorsal aorta (da). b NCC (arrows)
were scattered in the dorsal aspect of the foregut mesenchyme. ¢ In
the proximal midgut, adjacent to the liver (L), NCC (arrows) were
scattered across the width of the undifferentiated mesenchyme. d At
week 5, NCC were present in the dorsal foregut, where they had

accumulated into small groups of cells (arrows). e In the proximal
midgut (prox midgut), adjacent to the liver (L) NCC (arrows) were
present throughout the majority of the mesenchyme, although the
ventral aspect of the developing gut was sparsely colonized (asterisk).
f In the distal midgut (dist midgut), small groups of NCC encircled
the gut, with the majority of cells distributed in the dorsal gut wall
(arrows). Bars 200 um (a), 100 um (b—f)



Fig. 2 Development of p75™"R-immunopositive NCC (stom stom-
ach, L liver, mg midgut, hg hindgut). a At week 6, NCC (brown)
were distributed with the wall of the stomach (arrows). p75™ k-
immunostaining, corresponding to the vagal nerve and its branches,
was also present adjacent to the stomach (arrowheads). b—e In the
midgut, NCC (arrows) were present in the outer layers of the de-
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veloping gut. Groups of cells (¢, arrows) were interconnected by
fine immunopositive fibres (¢, arrowheads). Individual cell bodies
could be identified within the small cell clusters (e, arrowheads).
Although the midgut contained many NCC, the hindgut was free
from crest cells (f). Bars 200 um (a,b), 100 um (d, f, 50 um (c, e)
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Fig. 3 Development of p75™ " R-immunopositive NCC. a At week

7, p75N™ immunostaining (brown) was observed in the oesophagus
(es0), in cells located external to the circular muscle layer (arrows).
b In the stomach (stom), labelling was apparent in groups of cells
(arrows) within the muscle layers, corresponding to primitive gan-
glia. ¢, d In the duodenum (duod) and proximal intestine (prox intst),

prox intst

respectively, immunostained cells (arrows) encircled the gut in a ring
external to the circular muscle layers. e In the distal intestine (dist
intst), p75~ R-positive cells (arrows) were distributed within the
developing muscle layers. f In the colon (colon), immunopositive
cells (arrows) were scattered throughout the undifferentiated gut
mesenchyme. Bars 100 pm (a, ¢, d, f), 50 um (b, e)
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Fig. 4 Development of p75™™-immunopositive neural crest cells.
a At week 8, in the oesophagus (eso), NCC (brown) were distributed
around the periphery of the gut wall (arrows), external to the circular
muscle layers. Occasional immunopositive cells were also present
internal to the circular muscle (arrowheads). b In the stomach (stom),
groups of immunopositive cells were located towards the outer lay-
ers of the stomach wall (arrows). ¢ In the duodenum (duod), NCC

(arrows) were located within a narrow band, corresponding to the
presumptive myenteric plexus. These crest cells were less tightly
packed in the proximal intestine (d, prox intst, arrows), and distal
intestine (e, dist intst, arrows). f In the hindgut (dist colon), NCC
were scattered across the undifferentiated mesenchyme, although the
presumptive submucosal region was sparsely populated. Bars 100
um (a, ¢, f), 100 um (b), 50 pm (d, e)
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hindgut, which was colonized along its entire length at this
stage of development, NCC were scattered throughout the
developing gut mesenchyme; an organized pattern of cells
was not apparent (Fig. 3f). At week 8, in the oesophagus,
p75N ™R immunopositive ganglia were present external to
the circular muscle layer (Fig. 4a). In addition, smaller
groups of NCC were also observed internal to the circular
muscle layer, in the region corresponding to the presump-
tive submucosal plexus. In the stomach, p75™' *-positive
ganglia and nerve fibres were apparent within the muscle
layers (Fig. 4b). In the duodenum and proximal intestine,
crest cells were present in tight groups located within the
outer aspects of the gut wall, in the region between the
developing longitudinal and circular muscle layers, corre-
sponding to the myenteric plexus (Fig. 4c, d). These cells
had coalesced to form primitive myenteric ganglia, and
NCC were not observed within the presumptive submu-
cosal region of the midgut at this stage of development. In
the distal intestine, NCC were more loosely distributed
throughout the gut mesenchyme and were located mainly
within the developing outer muscle layers, away from the
submucosa (Fig. 4e). In the hindgut, in which distinct
muscle layers were not apparent, NCC were more ran-
domly distributed throughout the gut mesenchyme; labelled
cells were not present in the regions adjacent to the gut
mucosa (Fig. 4f).

NCC were first observed in the submucosal plexus re-
gion of the oesophagus at week 8 (Fig. 4a) and in the
midgut at week 11 (Fig. 5). At the latter stage of develop-
ment, ganglia within the myenteric plexus of the intestine
were apparent within the very outer layers of the circular
muscle. Cell projections, derived from myenteric ganglia,
passed through the circular muscle layer to form the prim-
itive submucosal plexus (Fig. 5b).

Development of gut smooth muscle layers positive for
«-smooth muscle actin

At week 8 of development, a rostrocaudal gradient in the
maturation of the gut smooth muscle was apparent. Anti-x-
smooth muscle actin («SMA) immunoreactivity was pres-
ent in as a discrete band that encircled the oesophagus
(Fig. 6a). Double-immunolabelling demonstrated p75™ ' ~-
positive ganglia external to the muscle layer, correspond-
ing to the myenteric plexus. In the stomach, xSMA was
expressed in a broad band, corresponding to the differ-
ently oriented muscle layers (Fig. 6b). In the proximal and
distal intestine, xSMA immunostaining occurred as a thin
band that encircled the gut and that corresponded to the
circular muscle layer. This developing muscle layer was
less condensed in the distal intestine (Fig. 6d) compared
with the proximal intestine (Fig. 6¢). Immunostaining at
the level of the presumptive longitudinal muscle layer was
not observed at this stage of development. In the colon,
low levels of xSMA immunostaining were present within
the developing gut mesenchyme and only small isolated
areas of immunoreactivity were found (Fig. 6e).

WEEK 11

Fig. 5 Development of p75™ " R-immunopositive NCC. a At week
11, in the intestine, individual NCC-containing ganglia (asterisks)
were apparent within the myenteric plexus region (myp) of the small
intestine. b, ¢ Projections (arrow) from the myenteric plexus cells,
traversed the circular muscle layer (¢m) and interconnected with areas
of immunostaining in the presumptive submucosal plexus (smp)
region. Bar 50 um



dist intst

prox intst

Fig. 6 Development of aSMA-immunopositive smooth muscle
layers. a At week 8, the circular muscle layer (cm) in the oesophagus
(eso) was well developed and a dense band of cells was strongly
immunopositive for xSMA (green). p75™ ' R-positive cells (red) were
grouped into presumptive ganglia (arrows) external to the circular
muscle. b In the stomach (stom), xSMA labelling was apparent in the
developing muscle layers (cm). p75™ " R-labelled cells (arrows) were
scattered throughout the smooth muscle. ¢ In the proximal intestine
(prox intst), the circular muscle ConTlPTrized a narrow band of xSMA-
stained cells (cm, arrowhead). p75~ " R-positive NCC were arranged
external to the circular muscle and had coalesced to form the pre-

sumptive myenteric plexus (arrows). d In the distal intestine (dist
intst), the circular muscle (cm, arrowhead) was less dense than in the
proximal intestine. Some p75" R-positive cells were grouped
together as primitive ganglia (arrows) but the majority of labelled
cells were scattered throughout the gut mesenchyme, external to
the developing circular muscle layers. e In the colon (colon), xSMA
labelling was sparse and the circular muscle layer (c¢m) was at an
carly stage of development. p75~ “-positive cells (arrows) were
scattered throughout the gut mesenchyme. Bars 100 pm (b—d, 50 um
(a, e)
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WEEK 11

WEEK 14

By week 11, «aSMA immunoreactivity in the intestine
occurred in broad bands corresponding to the circular and
longitudinal muscle layers (Fig. 7a). The presence of enteric
ganglia located between the muscle layers (i.e. the pre-
sumptive myenteric plexus) was confirmed with p75~ '}
double-labelling. Occasional nerve fibres penetrated the
circular muscle layers and projected into the submucosal
region. At week 12, the longitudinal and circular muscle
layers appeared to be more condensed, with intense xSMA
immunostaining present in dense bands on either side of the
myenteric plexus (Fig. 7b). At this stage, double-labelling

«4Fig. 7 Development of aSMA-immunopositive smooth muscle

layers. a At week 11, aSMA staining (green) was apparent in the
circular (¢m) and longitudinal (Lm) muscle layers, located on either
side of the p75™ R-positive (red) cells (arrows) of the presumptive
myenteric plexus. Occasional areas of p75~ " immunoreactivity were
also apparent in the region internal to the circular muscle layer, cor-
responding to the presumptive submucosal plexus (double arrow-
heads). b At week 12, the circular (cm) and longitudinal (Lm) muscle
layers were strongly immunopositive for xSMA. Between the muscle
layers, p75~™® labelling was apparent in groups of cells compris-
ing myenteric ganglia (arrows). ¢ At week 14, aSMA labelling
was intense in the circular (¢m) and longitudinal (arrowhead, Lm)
muscle layers but weak in the muscularis mucosae (mm), adjacent to
the villi (v). The walls of blood vessels within the submucosa were
also immunopositive for aSMA (asterisks). p75™ ' staining was
present within ganglia of the myenteric plexus (arrows) and in nerve
fibres within the submucosa (double arrowheads). Bars 50 um (a, b),
100 um (c)

with p75N™ identified discrete ganglia within the myen-

teric plexus. At week 14, the gut possessed a more mature
phenotype. The longitudinal muscle layer was condensed
and discrete, as was the circular muscle layer (Fig. 7c).
Weaker xSMA immunostaining was also observed in the
muscularis mucosae, adjacent to the villi of the gut epi-
thelium. p75™"™R-positive cells were apparent within the
myenteric ganglia; nerve fibres were also present within
the submucosal region and within the muscularis mucosae
(Fig. 7c).

Development of kit-positive ICC within the
gastrointestinal tract

At week 9 of development, weak kit immunoreactivity
was first observed within the developing muscle layer of
midgut regions where the smooth muscle layers had begun
to condense and differentiate, with only occasional fila-
mentous areas of immunostaining being evident (Fig. 8a).
In the hindgut at the same stage of development, immu-
nostaining occurred across the undifferentiated mesen-
chyme, leaving darker unstained areas that corresponded
to the regions containing neural crest-derived myenteric
ganglia (Fig. 8b). By week 11, discrete kit staining was
present in cells and fine projections encompassing the
myenteric ganglia of the midgut (Fig. 8c). In the hindgut,
where the smooth muscle was less well differentiated, kit

Fig. 8 Development of kit-immunopositive interstitial cells of Cajal p>
(ICC). a At week 9, kit immunostaining (red) was present at low
levels (arrows) within the developing circular muscle (cm) of the
midgut. b In the hindgut, immunolabelling (arrows) was apparent
within the developing muscle. Unlabelled areas, corresponding to
presumptive myenteric ganglia (asterisks), were apparent. ¢ At week
11, kit-positive ICC (arrows) were located in the midgut on either
side of the presumptive myenteric ganglia (asterisks). d In the
hindgut, kit staining was widespread within the developing smooth
muscle layers, particularly surrounding (arrows) the presumptive
myenteric ganglia (asterisks). e In the midgut at week 12, kit-pos-
itive cells (arrows) were restricted to the areas surrounding ganglia
(asterisks), a pattern similar to that within the hindgut (f). g At week
14, kit-positive ICC (arrows) surrounded myenteric ganglia (aster-
isks) in the hindgut (cm circular muscle, Lm longitudinal muscle). Kit
staining was not observed within the submucosa (sm). Bars 50 um

(a—g)
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immunoreactivity occurred across the developing muscle
layer and unstained ganglia could clearly be distinguished
(Fig. 8d). At week 12, when the smooth muscle was well
differentiated in the midgut and hindgut, kit-positive ICC
were tightly distributed around the myenteric ganglia and
long thin filamentous projections interconnected the gan-
glia (Fig. 8e, f). By week 14, ICC were localized in tight
association with the myenteric plexus cells, with discrete
immunostaining being present on both aspects of the
ganglia, towards the longitudinal and circular muscle layers

(Fig. 8g).

Discussion

In this study, we have analysed the spatiotemporal devel-
opment of three cell types necessary for the co-ordinated
neuromuscular activity of the gastrointestinal tract: (1)
NCC-derived precursor cells that form the neurons and
glial cells of the ENS; (2) the smooth muscle cells that form
the contractile component of the gut; (3) the ICC that are
involved in electrical pacemaking of the smooth muscle
and in the mediation of neurotransmission between enteric
nerves and gut muscle. We have utilized an antibody against
the low affinity neurotrophin receptor p75™ '~ to label mi-
grating NCC within the developing human gastrointestinal
tract. This antibody has previously been employed exten-
sively to label NCC in species including the amphibian
Xenopus laevis (Sundqvist and Holmgren 2004), the em-
bryonic mouse (Chalazonitis et al. 1998; Young et al.
1998a, 1999, 2003), the developing human gut (Fu et al.
2003) and other various mammals including adult human,
horse, cow, sheep, pig, rabbit and rat (Esteban et al. 1998).
In agreement with the recent findings of Fu et al. (2003),
p758N™R_positive NCC have been found to colonize the
human gut in a rostrocaudal direction from week 4 to week
7 of development, when the migration front of NCC
reaches the terminal hindgut. At week 4, NCC are initially
located in the dorsal aspect of the foregut and, as they mi-
grate along the gut in the subsequent weeks, they encircle
the gut and become grouped into primitive ganglia. The
rostrocaudal migration of NCC along the gastrointestinal
tract is similar to the pattern of colonization reported in
most species to date, including fish (Shepherd et al. 2004),
avians (Burns and Le Douarin 2001) and mice (Young et al.
1998a) and most recently in humans (Fu et al. 2003;
Wallace and Burns 2003; Fu et al. 2004). Based on com-
parable labelling studies, the origin of the NCC that colo-
nise the human gut may be attributed to the vagal neural
crest. Similar findings concerning the rostrocaudal coloni-
zation of the gut by NCC have also been obtained follow-
ing the investigation of RET expression in the developing
human gastrointestinal tract (Attie-Bitach et al. 1998).
Attie-Bitach et al. (1998) have found RET-expressing ENS
precursor cells in the human foregut at 26-30 days (ap-
proximately week 4) and in the midgut and hindgut at 37—
42 days (5-6 weeks), i.e. at time points similar to those
described in this study.

In addition to the rostrocaudal migration of crest cells
along the gut, we have also demonstrated considerable
variation in crest cell distribution in different gut regions as
development progresses. For example, at week 7 (Fig. 3),
although NCC have formed ganglia in the oesophagus and
stomach, crest cells are distributed in the outer layers of
the mesenchyme of the midgut and are scattered widely
throughout the mesenchyme of the colon. Therefore, the
maturation of the ENS, in terms of myenteric ganglia for-
mation, also proceed in a rostrocaudal manner, with the
myenteric plexus of the oesophagus being formed first and
that of the colon approximately 3 weeks later.

The observation that NCC initially colonize the outer
layers of the gut mesenchyme, thus forming the myenteric
plexus, is consistent with the pattern of gut colonization
previously described in laboratory mammals (Kapur et al.
1992; Gershon et al. 1993; McKeown et al. 2001) and in
the small intestine of the chick (Burns and Le Douarin
1998). In these animals, the submucosal plexus forms
later, following the secondary centripetal migration of
crest cells from the myenteric plexus. In the present study,
we have observed a similar rostrocaudal gradient of mat-
uration of the submucosal plexus, with NCC occurring in
the foregut beginning at week 8 and with well-developed
submucosal ganglia in the midgut at week 11, approxi-
mately 3 weeks after the myenteric plexus has formed, a
finding similar to that obtained by Fu et al. (2004). Fu et al.
(2004) have reported scattered single neurons and a small
submucosal plexus in the foregut and midgut at week 9;
this plexus increases in size by week 12. However, sub-
mucosal ganglia have not been observed in the hindgut
until week 14 (Fu et al. 2004). The centripetal pattern of
gut colonization reported here, and previously in mice, is
apparently attributable to the secondary migration of NCC
from the myenteric plexus, inwards through the circular
muscle layer. Although ligands such as GDNF and ET-3
(for the RET and EDNRB cell-cell signalling pathways,
respectively) have been shown to be expressed in the gut
mesenchyme (Suvanto et al. 1996; Leibl et al. 1999;
Natarajan et al. 2002), their patterns of expression do not
appear to coincide with this spatiotemporal migration of
NCC within restricted areas of the gut mesenchyme and,
therefore, do not explain the specific primary formation of
the myenteric plexus followed by the formation of the
submucosal plexus. However, netrins and netrin receptors,
such as those that are deleted in colorectal cancer (DCC),
have recently been shown to be involved in guiding this
secondary migration of crest cells during the formation of
the submucosal plexus (Jiang et al. 2003), since DCC crest
cells appear to be attracted to areas of the gut at which
netrin expression is high (i.e. in the submucosa).

NCC have been found to progress along the gut in a
rostrocaudal direction, whereas the hindgut remains free
from NCC until the migration front of vagal crest-derived
cells has colonized the entire length of the gut by week 7.
Therefore, as previously reported in the mouse (Young
et al. 1998a; Kapur 2000) and the chick (Burns et al. 2000),
there is no evidence for an early migration of NCC into the
hindgut from a source that could be attributed to the sacral



neural crest (Burns and Le Douarin 1998). The extent of
the contribution of sacral NCC to the hindgut in the human
embryo has yet to be determined and has not been ad-
dressed in this study.

We have demonstrated a rostrocaudal gradient of smooth
muscle maturation as evidenced by the appearance of
o«SMA immunoreactivity. A broad band of aSMA stain-
ing is present in the circular muscle layer of the oesophagus
at week 8 and in the hindgut at week 11. Although other
immunohistochemical studies have also reported gradients
of maturation in gut smooth muscle (Fu et al. 2004), the
chronological correspondence between ultrastructural and
histochemical development is poorly understood, as ultra-
structural investigations have not yet confirmed the ex-
istence of such gradients (Gabella 2002). For example, a
detailed ultrastructural and immunohistochemical study by
Ward and Torihashi (1995) of the developing canine prox-
imal colon has demonstrated that the increase in thickness
of the tunica muscularis is attributable to an increase in
number and size of smooth muscle cells, which also change
their desmin and vimentin immuno-profile during the fetal
period. However, because only the proximal colon has been
examined, a correlation between a rostrocaudal change in
smooth muscle cell morphology and expression of smooth
muscle markers cannot be made.

Fu et al. (2004) have recently suggested that, in the
human, the longitudinal and circular muscle layers appear
at the same time and differentiate in a rostrocaudal manner
between weeks 7 and weeks 9. However, we have found
no «SMA immunoreactivity within the presumptive longi-
tudinal muscle layer of the intestine or colon at week §,
whereas the circular muscle layer is xSMA-positive at these
stages of development (see Fig. 6). This finding suggests
that, in the mid- and hindgut, the longitudinal muscle layer
“matures” (i.e. expresses *SMA) after the circular muscle
layer. Such delayed maturation of the longitudinal muscle
layer has been reported in the gut of the chick embryo by
using the smooth muscle marker, 13F4 (Burns and Le
Douarin 1998).

Expression of the tyrosine kinase receptor c-kit and its
ligand, SCF, are essential for ICC development (Ward
et al. 1994, 1995). During the establishment of the ICC
network in the avian embryo, kit receptor is expressed in
individual cells located at the outer border of the circular
muscle layer, whereas its ligand, SCF, is expressed within
the circular muscle layer (Lecoin et al. 1996). Other authors
have shown that enteric neurons also express SCF
(Torihashi et al. 1996; Young et al. 1998b), thus raising
the question of whether ICC are capable of developing in
the absence of SCF-expressing enteric neurons, an issue
of particular relevance in a clinical context such as HSCR
in which the absence of enteric neurons in one region of
the bowel may have implications for the development of
ICC, and subsequent gut function, in adjacent regions.
The study by Wu et al. (2000) has shown that kit and its
ligand are present in aganglionic gut obtained from /s/Is
and c-ref”” mice and that ICC develop in NCC-free cul-
tures of Is/Is terminal colon, thus suggesting that enteric
neurons are not required for the development of ICC.
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Similar findings have also been reported by Lecoin et al.
(1996), following the appearance of ICC in cultured
aganglionic chicken gut. Since Wu et al. (2000) have dem-
onstrated that SCF immunoreactivity is coincident in cells
with neuronal or smooth muscle markers, the kit ligand
therefore seems to be provided by neurons and/or by cells
in a smooth muscle lineage, which we show here to form
before ICC in the human gut. This idea is further support-
ed by investigations with Gdnf”~ mice, which lack ENS
cells in the majority of the gut (Ward et al. 1999). Data from
these animals suggest that the presence of neurons is not
required for the formation of a mature ICC network and that
the circular muscle layer, which develops before the ICC,
can provide sufficient SCF for the formation of functional
ICC networks. However, the developmental relationship
between neurons and ICC is still contentious, particularly in
humans, in which conflicting findings have recently been
described (Huizinga et al. 2001; Rolle et al. 2002; Newman
et al. 2003).

Here, we have identified kit-positive ICC in the in-
testine at week 9, after the colonization of the gut by NCC
and following the differentiation of the circular muscle
layer. Unlike these other cells, ICC do not appear to ma-
ture in a distinct rostrocaudal wave, as kit immunoreac-
tivity is more defined in the hindgut than in the midgut at
week 9. ICC rapidly mature and, by week 11, kit immu-
noreactivity is restricted to cells surrounding the myenteric
ganglia, in a pattern that is more organized in the midgut
than in the hindgut. Similar reports of ICC surrounding
myenteric ganglia have been described in the human fetal
small bowel (Kenny et al. 1999; Wester et al. 1999).
However, Fu et al. (2004) have identified kit-positive cells
within myenteric plexus at week 12; these then move to
the periphery of ganglia by week 14. These authors have
subsequently identified ICC preferentially located at the
periphery of ganglia at week 20 (Fu et al. 2004). We have
not been able to identify kit-immunopositive cells within
ganglia, although we have not performed double-labelling
studies with kit and neuronal markers. However, our study
suggests that ICC are located on the periphery of ganglia
as early as week 9 and certainly by week 11 (see Fig. 8b,
¢). ICC development therefore appears to lag behind that
of the ENS by at least 3 weeks and slightly behind that of
smooth muscle differentiation, as evidenced by aSMA
immunoreactivity. A similar developmental lag for ICC
has also been reported in the mouse embryo (Wu et al.
2000), as ICC forms after the gut has been colonized by
neural precursors and after the development of xSMA-
immunopositive muscle.
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