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Congenital diseases of dysmotility are a serious problem in children and, potentially, also in
adults. Advances have recently been made in understanding one cause of pediatric dysmotility,
Hirschsprung’s disease, which is the most visible congenital defect of the enteric nervous
system (ENS).1=5 Although the diagnosis of Hirschsprung’s disease is sometimes missed, and
the length of involved gut may vary,5:7 a segment of bowel is always totally aganglionic in
patients with Hirschsprung’s disease, which is about an unsubtle as a defect can be. The ENS,
however, can be abnormal without being aganglionic. This is true because the function of the
ENS is much more sophisticated than that of other regions of the autonomic nervous system.
8 The output of the ENS is not a simple binary choice to drive motility or not, or to stimulate
secretion or not. The ENS is responsible for the integrative control of behavior, a function that
is sufficiently complex as to require all of the classes of neurotransmitter found in the CNS
and at least as many neurons as are found in the spinal cord (~108 in humans).#*~12 The ENS
does not simply accept commands from the brain and spinal cord, it also talks back to the CNS.
The transfer of information between the bowel and the brain in the vagus nerves is two-way
process and in fact, many more vagal fibers are afferent than efferent.13 Vagus nerve
stimulation can be employed to affect epilepsy,14~16 treat depression16—18 and even to improve
learning and memory.1® To function normally, therefore, the ENS requires a full panoply of
neurons of correct phenotypes, proper synaptic connections, and an appropriate interaction
with the CNS. More is needed of development, therefore, than just to produce relay ganglia to
enable the brain to drive the gut.

Despite the progress made in comprehending the aganglionosis of Hirschsprung’s disease, little
is known about subtle abnormalities in subsets of enteric neurons, ENS synapses, or in the
establishment of CNS-ENS interactions. Aganglionosis of the type seen in Hirschsprung’s
disease cannot be the cause of functional bowel diseases, which are not lethal and are not
associated with pseudoobstruction. If there is a developmental defect that causes functional
bowel diseases, that defect has to be compatible with propulsive motility because propulsive
maotility occurs in patients with functional bowel diseases, even if the propulsive motility is so
abnormal that the patient is driven to distraction. Abdominal distress from a bowel that propels
may be particularly troublesome in children who may not be able to find a constructive means
of conveying their difficulty. A congenital defect in the ENS that causes motility to be abnormal
but present is likely to be one that affects committed sublineages of neural or glial precursors
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rather than pluripotent stem cells and thus to occur relatively late in ENS ontogeny.2% Such a
late-arising, seemingly limited defect could also stop propulsive motility if it were to disrupt
the function of a critical cell, such as the intrinsic primary afferent neurons (IPANS) that are
required for the gut to be able to respond to luminal stimuli.21=2% Motility may then be
compromised severely even when the pathology of the ENS, examined with conventional
stains, is described as normal. This type of defect may be responsible for the still-to-be
explained pediatric dysmotilities and chronic intestinal pseudoobstruction (CIP).

This review is designed to examine the development of the ENS, not as a detailed catalogue
of all known relevant phenomena, but to provide a conceptual basis for understanding, not only
the pathogenesis of Hirschsprung’s disease, but also other disorders of dysmotility that are not
associated with aganglionosis. Emphasis will be placed on genes that, when mutated, give rise
to defects in the ENS that are not obvious but which nevertheless cause intestinal motility to
become subtly or devastatingly abnormal.

The ENS is a unique, large and vital nervous system

Biomedical understanding of the significance of the ENS has changed in recent years. Until
the middle of the 20th century, the ENS was considered to be no more than an aggregation of
relay ganglia interspersed between the CNS and effectors in the bowel.26 Control and
regulation were believed to be entirely the province of “autonomic” centers of the brain, for
which the dorsal motor nucleus of the vagus and the sacral parasympathetic preganglionic
neurons of the spinal cord served as common conduits for the outflow of information. Change
occurred gradually as the independence of the ENS as a center of integrative neuronal activity
was re-discovered and the intrinsic complexity of the ENS became apparent.21:27,28 The
hypothesis that the intrinsic innervation of the bowel can, on its own, determine the behavior
of the gut has old roots. This idea was advanced first by Bayliss and Starling®~31 on the basis
of experiments performed on the intestines of dogs. Essentially, Bayliss and Starling
demonstrated that raising the pressure inside the lumen of the bowel gives rise to propulsive
activity, which they called “the law of the intestine,” that consisted of oral contraction and anal
relaxation. Because this activity persisted when they cut all of the extrinsic nerves to the gut,
Bayliss and Starling concluded that “the law of the intestine” was mediated by the “intrinsic
nervous mechanism” of the bowel. They were able to reach this conclusion because Bayliss
and Starling were aware of the fact that the gut contains extremely large numbers of
interconnected neurons in two major plexuses, the myenteric32:33 and the submucosal,3* the
discovery of which dated back to the time of the American Civil War. The hypothesis that the
bowel can regulate its own behavior was dramatically verified by Trendelenburg,3> who
elicited the same activity seen by Bayliss and Starling in vitro, an experimental design in which
the CNS and extrinsic nerves clearly are nonparticipants, and codified by Langley, who in his
classical book on the autonomic nervous system, coined the term “enteric nervous system” and
emphasized its independence of CNS innervation.36

The hypothesis that the ENS can function without CNS direction had erroneously been
abandoned after Langley’s book was published, probably because the sympathetic and
parasympathetic nervous systems function entirely under CNS control. The idea was revived
when multiple neurotransmitters were found to be present in the ENS37:38 and research was
again begun to find the cellular basis of the independence of the ENS. The ultrastructure of the
ENS is now known to be different from those of sympathetic or parasympathetic ganglia,
enteric neurons are supported by glia rather than by Schwann cells, enteric ganglia lack internal
collagen, and in fact, the ENS resembles the CNS more than it resembles other regions of the
PNS.9:39-41 The complexity of the ENS transcends that of banal peripheral ganglia. The ENS
has many interneurons and intrinsic microcircuits.®1! Because of the similarities of the CNS
and the ENS, moreover, advantage can be taken of principles gleaned from studies of the brain
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to help guide investigations of ENS ontogeny. It is important to obtain a better understanding
of ENS development to learn which gastrointestinal disorders have developmental roots, and
ultimately how these conditions can be treated, or better, prevented.

Origins of the ENS

The ENS is formed as the gut becomes colonized by émigrés from the neural crest.#2745 These
incoming cells arrive from three defined regions of the crest. The vagal crest (somite levels 3—
7) provides the bulk of the precursors of enteric neurons and glia and colonizes the whole gut.
46 The postumbilical bowel also receives a late-arriving contribution from the sacral crest,**:
45,47-52 and the rostral foregut (primordial esophagus and adjacent stomach) receives cells
from the nearby truncal crest.>3 Crest-derived cells probably do not migrate as a uniform array
of committed or uncommitted precursors, but appear to constitute a heterogeneous population
that changes progressively as a function of developmental stage, both as the cells migrate and
after they arrive in the target bowel.1:2:20,:54,55 The crest-derived precursors have ample
opportunity along their route of travel to interact with microenvironmental signaling factors,
which include growth factors and elements of extracellular matrix that irreversibly change the
precursors and contribute to the determination of their fates.1 ™

Hirschsprung’s disease is the best-characterized birth deffect of the ENS

Little is currently known about the development of particular ENS neurons or the roles defects
in such neurons play in abnormal ENS function. Progress, however, albeit still not adequate,
has been made in understanding the most visible developmental defect of the ENS,
Hirschsprung’s disease, in which ganglia are totally absent from variable lengths of the terminal
bowel.6:7:56—58 Mutations in multiple genes have been associated with Hirschsprung’s disease,
including RET, GDNF, NRTN, EDNRB, EDN3, ECEI, PHOX2b, SOXI0, PAX3, and
SMADIPI (SIP1, ZBFX1B),2:3:5:59-61 hyt even so, these genes account only for ~50% of cases.
Penetration, moreover, is incomplete, there is a marked sex difference in clinical expression,
and mutant genotypes are associated with pleiotropic effects. It has been suggested that the
majority of Hirschsprung’s cases arise from the interactions of multiple susceptibility genes.
59 |dentified interactions include those of the endothelin B receptor (Ednrb) with the Ret
receptor tyrosine kinase®%:62 and with Sox10.63 Sox10 is important in maintaining the
multipotent nature of precursors that express Phox2b and/or Mash-1.84 Sox10 also interacts
with Pax3 to regulate expression of Ret.%0

Little is currently known about genes or gene products that regulate the establishment of brain-
gut interconnections or the development of interneurons. Disturbances in interconnections or
in a minority population of neurons are not as easy to detect as Hirschsprung’s, but nevertheless
are vital for normal ENS function. Defects in factors required early in ENS ontogeny tend to
produce extensive abnormalities because they affect the development of multipotent precursors
that are common to all, or to a large subset of the ENS.20 In contrast, factors that are required
late in ENS development tend to produce smaller, much more restricted lesions, because they
affect cells that have a limited developmental potential.29:65:66 A characteristic of all of the
gene products implicated in the pathogenesis of Hirschsprung’s is that they are required early
in ENS development (Figure 1). When knocked out in mice, all except those related to Edn3
signaling (EDNRB, EDN3, and ECEL1 [endothelin converting enzymel]), cause almost the
whole bowel to be aganglionic. The knockout of edn3, ednrb, or ecel leads only to
aganglionosis of the terminal colon.57=69 In human patients, the loss of function of factors
required for enteric neuronal development is usually not total; however, as a result of the
defects, the proliferation of the colonizing pool of crest-derived precursors is insufficient to
completely colonize the gut, leaving the terminal bowel aganglionic.1:2:5=7:70=74 |n contrast
to the other Hirschsprung’s-related genes, Edn3 is not required for the formation of enteric
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neurons, and in fact, even inhibits enteric neuronal differentiation in vitro.”®76 Two hypotheses
have been advanced to account for the terminal bowel aganglionosis associated with the loss
of Edn3 signaling. One is that Edn3 is required to prevent the premature differentiation of
neuronal precursors and cessation of migration before the complete colonization of the bowel,
75 and the other is that Edn3 first enhances the effects of GDNF/Ret and Sox10 on proliferation,
and later prevents the trapping of crest-derived precursors in the cecum.%2:76:77 GDNF exerts
a chemoattractive effect on enteric crest-derived precursors, which migrate along a GDNF
gradient.”-80 Because GDNF expression is maximal in the cecum, vagal crest-derived émigrés
would not be expected to migrate distal to the cecum unless another factor were to intervene
to enable them to escape the pull of cecal GDNF. Edn3 opposes the ability of GDNF to attract
enteric crest-derived cells.52:77 This action may be related to the spatiotemporal enhancement
of Ednrb expression by Sox10 as crest-derived precursors approach the cecum.53

Defects in late-acting factors give rise to restricted lesions in the ENS that
may be devastating

Identified factors that affect later stages of enteric neurons lead, as expected, to limited birth
defects and not to aganglionosis. Even a restricted lesion, however, may be functionally
catastrophic. The effects of deleting the neurotrophin, NT-3, or its high affinity receptor, TrkC,
are illustrative®:81,82 (Figure 1). NT-3/TrkC deletions are associated with moderate decreases
in the numbers of enteric neurons and the size of enteric ganglia.®® These changes initially
went unnoticed;81:82 however, NT-3 was eventually found to be needed for the development
and maintenance of submucosal IPANs and for myenteric interneurons.®> Submucosal IPANs
are required for the initiation of peristaltic and secretory reflexes.24:83:84 These neurons are
deficient when NT-3 or TrkC is deleted;5> moreover, the gut is hyperganglionic in transgenic
mice that overexpress NT-3 directed to the developing ENS by the promoter for dopamine S-
hydroxylase (DBH).5 NT-3/TrkC-deficient mice do not feed and die shortly after birth. NT-3
promotes the development of enteric neurons in vitro,8%:86 but only if precursors are isolated
from the gut after day E14.87 By this time, crest-derived cells have almost fully colonized the
bowel2:88:89 and the ability of GDNF to stimulate their proliferation is lost.8” The early-
developing neurons, thus are unaffected by NT-3 and the submucosal plexus, which develops
later than the myenteric, is far more NT-3-dependent.5® The effects of GDNF/GFRal/Ret, like
those of NT-3, change as a function of developmental age. GDNF first promotes proliferation;
however, after E14, GDNF enhances neuronal differentiation/survival.8”

The basic helix-loop-helix transcription (b-HLH) factor, Mash-1 (mammalian homologue of
Drosophila achaetescute) is another factor not required by all enteric neurons (Figure 1).
Mash-1 expression is necessary earlier than NT-3/TrkC, but later than GDNF/GFRa1/Ret.6
Mash-1 dependence and independence thus distinguish two sublineages of enteric neurons.
Because of its late requirement, the knockout of Mash-1 does not, like that of Phox2b, Sox10,
or GDNF/GFRal/Ret, result in aganglionosis of the intestine. Only the esophagus of mash-1
—/— mice is aganglionic.29=92 The remainder of the bowel lacks about a third of its normal
complement of neurons.%6 The deficiency, however, is not uniform among phenotypes of
intestinal neurons. A specific subset is missing; this subset is born early in ENS ontogeny (E12—
E15) from a transiently catecholaminergic (TC) population of crest-derived precursors.56
These TC precursors give rise to mature neurons, including those that contain serotonin or
nitric oxide synthase (NOS), neither of which contain catecholamines; therefore, no TC cells
appear in the gut during development of mash-1 —/— mice, and the resulting ENS is deficient
in serotonin- and NOS-containing neurons.56:92 Curiously, the recently discovered enteric
dopaminergic neurons develop normally in mash-1 —/— mice.%® Although dopaminergic
neurons contain tyrosine hydroxylase and, obviously, dopamine (DA), which is a
catecholamine, they are not derived from TC precursors and arise perinatally and postnatally,
long after TC cells have disappeared (~E14). DA-containing neurons are mainly submucosal.
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Enteric neuronal development thus depends on growth and transcription factors, which are
required in a regular temporal sequence. The extent of the defect that results from a loss of
function of these factors depends, not only on how much of the function of the factors has been
lost, but on when during development the factors are required. A mutation in an early-required
factor such as GDNF or the receptors it stimulates, GFR1 and Ret, causes aganglionosis
because all lineages of neurons in the intestines arise from precursors that require Ret
stimulation. The length of the aganglionic region may reflect the degree to which function is
lost as a result of the mutation. In contrast, subtle abnormalities in the ENS, which result from
deficiencies in late-acting factors, such as NT-3, disturb relatively small subsets of neurons
because only these subsets require TrkC stimulation. They do not lead to aganglionosis because
most lineages of enteric neurons are TrkC-independent. A mutation that results in the loss of
function of a factor like NT-3, however, can cause a lethal defect in intestinal motility because
it affects the development of a critical type of neuron, the submucosal IPAN. Such a mutation
might be anticipated to give rise to severe pediatric dysmotilities or CIP, where motility may
be seriously abnormal in the face of an ENS diagnosed as “normal” by the conventional tools
utilized to analyze pathological specimens. A similar mutation that disturbs the function of a
regulatory interneuron, however, would be likely to give rise to a sublethal disturbance of
motility. Such a defect might be anticipated in disorders, like the irritable bowel syndrome
(IBS), in which anatomical/biochemical changes are neither obvious nor incompatible with
life.

Functional gastrointestinal disease may have roots in ENS Ontogeny

Gastrointestinal (Gl) disorders are classified as “functional” when potentially causative enteric
anatomical or biochemical abnormalities are not apparent.?4:95 The list of “functional” Gl
syndromes has been shrinking because disorders once thought to be “functional” have been
re-classified as organic after enteric anatomical or biochemical abnormalities have been
discovered. IBS, which occurs in up to 20% of Americans,698 is the most prevalent Gl
condition currently classified as “functional.” The pathogenesis of IBS, however, in at least a
subset of patients, may be organic and enteric in origin. Mucosal expression of the serotonin
transporter (SERT) and tryptophan hydroxylase-1 (TpH-1) have recently been discovered to
be deficient in patients with either diarrhea- or constipation-predominant 1BS.% These
abnormalities, which interfere with serotonin inactivation and biosynthesis, suggest that enteric
serotonergic signaling is defective in IBS. The cause of IBS remains unknown; however, if
enteric signaling pathways, such as those that involve serotonin, are abnormal in IBS, it is
plausible that they are so because they have not developed normally. There are pediatric
analogues of 1BS100-103 and anecdotal evidence suggests that children with colic may become
adults with IBS.

Serotonin may be a late acting growth factor promoting the development of
subsets of enteric neurons and muscle/ICCs

Enteric serotonergic neurons are an example of neuron that might well cause a sublethal
disorder of intestinal motility when they develop abnormally. Serotonergic neurons are among
the first neurons to be born during ENS ontogeny.1%4 Mucosal enterochromaffin cells (EC)
cells, which are the body’s largest depot of serotonin,195:106 also arise while neurons are being
generated!07; therefore, it is possible that the activity-dependent secretion of serotonin by early-
developing serotonergic neurons and/or EC cells could affect the development/survival of
subsets of later-developing neurons, particularly those neurons that are generated postnatally.
Three serotonin receptor subtypes have been found to be expressed in the fetal ENS, 5-
HTa, 5-HT g, and 5-HT4.198-111 Of these, the 5-HT,g receptor appears to be most important
from a developmental point of view.198 Serotonin and a nonselective 5-HT, agonist, (+/-)-2,5-
dimethoxy-4-iodoamphetamine. HCI (DOI), enhance in vitro development of enteric neurons,
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both in dissociated cultures of mixed enteric cells and in cultures of E14 crest-derived cells
isolated from the fetal mouse gut. The effects of each of these agonists are blocked by the 5-
HT41/, antagonist methysergide, the pan-5-HT, antagonist ritanserin, and the 5-HT,g/oc-
selective antagonist SB206553. In contrast, the 5-HT,-selective antagonist, ketanserin, does
not abolish the developmental effects of 5-HT. 5-HT induces the nuclear translocation of
mitogen-activated protein kinase. This effect, like that on neuronal development, is blocked
by ritanserin. Because serotonergic agonists promote neurogenesis/survival in cultures of
isolated crest-derived precursors, the effects of serotonin are direct and not mediated by way
of nonneuronal cells from the wall of the bowel. Transcripts encoding 5-HT,g receptors can
be detected in the fetal bowel, but those encoding the 5-HT,¢ receptor cannot. Because the 5-
HT,c receptor is not expressed in the gut, the observation that the effects of 5-HT and DOI are
blocked by SB206553, strongly supports the conclusion that 5-HT-promoted neurogenesis is
5-HT,g-mediated. mMRNA encoding the 5-HT,g receptor and 5-HT,g immunoreactivity are
abundant in developing (E15-E16) but not in mature enteric ganglia where 5-HT,g receptors
are present only in ~1/4 ganglia. 5-HT,g-immunoreactive cells all express the neuronal marker,
PGP9.5 and thus are neurons. Because both 5-HT and a developmentally regulated 5-HT
receptor, 5-HT,g, which promotes neuronal development, are simultaneously expressed in the
fetal gut, it is possible that by stimulating 5-HT,g receptors, 5-HT affects the fates of some of
the large number of enteric neurons that arise after the development of endogenous sources of
5-HT. The late action of serotonin is compatible with the possibility that it affects only subsets
of enteric neurons, which express 5-HT,g receptors and give rise to the limited type of defect
that could be associated with IBS or another subtle disorder of intestinal motility.

5-HT,g knockout animals survive poorly due to cardiac abnormalities.}12 Defects in the gut
of these animals are still being characterized; however the ENS appears to be deficient in
serotonergic neurons. In contrast to 5-HTog —/— mice, the 5-HT,a-deficient bowel appears to
be normal at birth but enteric smooth muscle degenerates as the animals agel9?; the mice also
exhibit smaller than normal enterocytes and a markedly reduced number of Paneth cells in the
small intestine. A striking defect occurs in the colon of transgenic mice lacking 5-HT4
receptors.110:111 The wall of the bowel is smaller than normal, a defect mainly due to thinning
of the muscle layers and the number of neurons is markedly reduced, suggesting that the 5-
HT4, like the 5-HT5g receptor, may play a role the ontogeny of the enteric neuromuscular
apparatus.

Future directions

There are several factors which are expressed and/or required in ENS development, but which
have not yet been associated with dysmotilities. These molecules, which are undoubtedly
subject to mutations, are likely to be linked to neuro-enteric diseases in the near future. They
include bone morphogenetic factors (BMPs-2 and -4; their receptors, and antagonists),113:
114 quidance molecules (netrins),11 the b-HLH transcription factor, Hand2,116-118 gnq
synaptic cell adhesion proteins, -neurexins (presynaptic receptors)/neuroligins (postsynaptic
ligands).119

BMP Signaling

BMPs-2 and -4 have been demonstrated to play critical early roles in the epithelial-
mesenchymal interactions that shape the morphogenesis and regionalization of the gut.120:
121 BMPs also continue to be important in the mature bowel, where they are expressed in the
mucosal connective tissue, and function in the formation of intestinal crypts'22 and influence
colonic epithelial cells.}23 When regulated abnormally, mucosal BMPs have been linked to
the development of juvenile polyposis, which is precancerous'2 and to the formation of
adenomas of the colon.123 In addition to their role in early development and in the regulation
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of mucosal growth, BMPs-2 and -4 have recently been found to act late in ontogeny to regulate
ENS development.113 BMPs-2 and -4 (but not BMP-7) are expressed in the developing ENS
as are the BMP receptors, BMPRs IA, 1B, and I1. In particular, the BMPs-2 and -4 act on crest-
derived cells to promote neuronal differentiation, but with a bell-shaped concentration-effect
relationship that suggests that the concentrations of BMPs in the immediate microenvironments
of crest-derived neuronal precursors is critical. The simultaneous expression in the fetal bowel
of BMP antagonists (noggin, gremlin, follistatin, chordin) with the BMPs and their receptors
suggests that the effective enteric BMP concentration is controlled within strict limits. The
BMPs act alone and also interact with GDNF/GFRa1/Ret, to enhance neuronal differentiation;
however, by doing so, BMPs limit the extent of the GDNF-driven proliferation of crest-derived
precursors. The BMPs, furthermore, specify the development of the lineage of enteric neurons
that is characterized by TrkC expression and NT-3-dependence. The physiological significance
of BMP signaling in ENS development was investigated in transgenic mice that overexpress
the BMP antagonist, noggin, directed to the developing nervous system by the promoter for
neuron specific enolase (NSE-noggin mice). It is impossible to study the effects of the knockout
of BMPs on late events in ontogeny because of the critical early actions of these molecules. A
conditional knockout or other means of inducing a time-dependent loss of BMP function is
therefore required. Because NSE is not expressed by early precursors, but only by committed
neurons,24 the overexpression of noggin in NSE-noggin mice does not occur in the bowel
until the first enteric neurons arise. Enteric neurons are generated sequentially over a long
period of time that begins before the earliest émigrés enters the bowel (at E8.5 in mice) and
continues through at least the first 3 weeks of postnatal life.1%4 As a result, the function of
BMPs is notimpaired during the early development of the gut and noggin expression is directed
to the ENS and not the mucosa during the process of neurogenesis. The NSE-noggin mice,
therefore, provide a means of evaluating the development of the ENS in the absence of BMP
stimulation. These studies have shown that by fostering differentiation in vivo BMPs-2 and -4
oppose the GDNF-driven expansion of the enteric neuronal precursor population and thus limit
the ultimate size of the ENS.113 At the same time, the BMPs promote the development of the
critical TrkC-expressing subset of neurons (that gives rise to submucosal IPANS). Actions of
the BMPs in the bowel, moreover, are not ENS-restricted; they also promote the development
of enteric smooth muscle, which, like crest-derived precursors, expresses BMPRs IA, IB, and
.

Netrin guidance

Vagal neural crest-derived precursors of the ENS colonize the bowel by descending within the
enteric mesenchyme. Perpendicular secondary migrations, toward the mucosal1®:125-127 gnd
into the pancreas, 128 result, respectively, in the formation of submucosal and pancreatic
ganglia. This perpendicular migration is in part mediated by netrins, which are expressed in
the mucosa of the fetal bowel and in the mesenchyme of the pancreas.11® Netrins are better
known as guidance molecules in the CNS, where they attract and/or repel different populations
of axons or neural precursors.128-131 A critical receptor for netrins is deleted in colorectal
cancer (DCC).132:133 Crest-derived cells colonizing the bowel express DCC.11° A subset of
enteric crest-derived cells migrates toward sources of netrin and antibodies to DCC block this
chemoattraction. In vitro, crest-derived cells migrate from the outer gut mesenchyme toward
the mucosa and others migrate out of the bowel toward a cocultured explant of pancreas (Figure
2); both of these migrations are blocked by antibodies to DCC or by the PKA antagonist, RP-
cAMPS, which interferes with DCC signal transduction.23* Finally, the submucosal and
pancreatic plexuses fail to develop in transgenic mice that lack DCC (Figure 3).115 The
chemoattraction of DCC-expressing crest-derived cells is thus necessary for the formation of
the submucosal plexus and for the colonization of the pancreas by neural precursors from gut.
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Hand2 dependence

Hand2 (also called dHand) is expressed in the bowel exclusively by crest-derived cells!18:
135: only smooth muscle and interstitial cells of Cajal (ICCs) express Hand1 (also called
eHand).13% Mice that lack Hand2 die of cardiovascular abnormalities at E10.5116; however,
the gut is colonized at E9 to 9.5.1:2:88,89,136 For this reason, the bowel can be removed at E9.5
from Hand2 —/— mice and the effect of the gene can be studied on the in vitro development of
neurons.13> E9.5 explants of bowel from both wild-type and Hand2 —/— mice contain cells that
express Phox2b, Sox10, Ret, and p75NTR, confirming that crest-derived cells colonize the
Hand2 —/— bowel as well as the wild-type gut; nevertheless, neurons arise only in cultured
explants from wild-type mice and not in cultured explants from Hand2 —/— animals. Similarly,
SiRNA directed against Hand2 opposes Hand2 expression and prevents the in vitro
development of neurons from crest-derived cells isolated from wild-type mice. Hand2
expression is thus necessary for the differentiation of enteric neurons (Figure 1). The effect is
specific, because Hand2 knockout does not prevent the development of neurons from somite-
derived crest-derived cells (predominantly DRG precursors) cocultured with gut.

Synapse formation in the ENS: B-neurexin and neuroligin expression

Although the abundance of synaptic connections in the ENS is far less than in the CNS, it is
still large; moreover, it is necessary that the number, location, and function of these connections
be tightly controlled. Synaptic circuits have to be formed in a very reproducible manner to give
rise to a reproducible behavioral output in the form of peristaltic activity, segmentation,
secretory reflexes, and neuro-immune interactions. This reproducibility implies that cellular
processes must exist to determine the identity and connectivity of each enteric neuron. The
usual pattern of synaptic development involves the initial formation of synapses, which may
be temporary, followed by later processes that modify synaptic function, including synapse
elimination, plasticity, and growth.137=139 Synapses are extremely asymmetrical structures;
the cytosolic surfaces of both pre- and postsynaptic membranes are lined with scaffolds.140-
142 several of the proteins in these scaffolds are very important in the assembly and maturation
of synapses. The synaptic cleft also contains an array of glycoproteins, comprised, in part, of
the extracellular domains of receptor-ligand complexes that directly couple presynaptic active
zones to postsynaptic densities. Adherence of pre- and postsynaptic elements is further
enhanced by puncta adherens at sites lateral to active zones. During development, the cell-to-
cell interactions responsible for synapse formation display considerable promiscuity;
vertebrate neurons form synapses in vitro with other neurons, regardless of whether they
normally do so in situ.137:138 This phenomenon suggests that there is a “basic machinery” of
synapse formation. It has been proposed that pre- and postsynaptic partners respond to a
combination of synapse-promoting and synapse-inhibiting signals, ultimately to form synapses
at the sites with the best available combination.137 Signals appear to operate on 3 levels: (1)
attraction and repulsion of growing axons by molecules such as netrins, semaphorins, or ephrins
to bring the axons to the correct locations!29; (2) formation of incipient synaptic connections
through interactions of transmembrane pre- and postsynaptic molecules43-145; (3) activity-
dependent synapse stabilization or elimination to refine mature circuits.138:146 After initial
axon-target interactions bring axons to the correct vicinity, cell-surface receptor systems
(adhesion and signaling) can mediate the coordination of the differentiation of pre- and
postsynaptic membrane specializations. Trans-synaptic signaling must lead to the precisely
aligned juxtaposition of pre- and postsynaptic membrane specializations that enable
neurotransmission to be efficient; moreover, postsynaptic receptors must be matched to the
transmitter released by the presynaptic axon. Directionality is established with fundamentally
different structures assembled on the pre- and postsynaptic sides of the synapse. After initial
synapses form, those made at the proper sites on appropriate cells must be stabilized, while
synapses that are incorrect or redundant are eliminated. Homophilic interactions between
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matching cadherins or Ig-domain proteins appear to promote specific interactions between
correct partners143:144: these specific interactions evidently act synergistically with a general
synaptogenic mechanism common to all, or to most neurons.137 The general mechanism is
heterophilic, which introduces directionality into the process of differentiation.

Neuroligins and neurexins have proven to be good candidates to be part of the heterophilic
general mechanism of synapse formation in the CNS (Figure 4). Both of these protein families
are widely distributed in the brain. Neurexins are transmembrane proteins of which the first to
be discovered were S-neurexins, the receptors for a-latrotoxin (black widow spider venom).
147 There are many neurexins. In mice, 3 genes encoding neurexins are each transcribed from
2 alternative promoters to give rise to 6 primary transcripts. From these transcripts, alternative
splicing generates more than 103 a- and f-neurexin isoforms.148 The g-neurexin subset that
lacks a splice insertion in splice site 4 binds to neuroligins, a family of transmembrane synaptic
proteins14%:150 with sequence homology to cholinesterases (but which function in protein-
protein interactions and lack enzyme activity).1°1 Three genes in rodents and 5 genes in humans
encode neuroligins. Neuroligin-1 has been localized to the postsynaptic membranes of
excitatory synapses in the CNS. Neuroligins and g-neurexins function as Ca2*-dependent
heterophilic adhesion molecules in cell aggregation assays, an observation that is consistent
with the idea that they mediate synaptic adhesion.152:153 More significantly, overexpression
of neuroligin in dissociated cultures of hippocampal or cerebellar neurons causes recruitment
of f-neurexins to sites of cell-to-cell contact and a massive increase in the number of synapses.
119,137 The formation of synapses in these cultures, furthermore, is inhibited by addition of
recombinant soluble S-neurexin, which competes with endogenous S-neurexins for binding to
neuroligins. The interaction of f-neurexins with neuroligins is sufficient to induce presynaptic
differentiation because neuroligins can induce S-neurexin-expressing axons to form synapses
even when expressed in nonneuronal cells.154 Neuroligins and g-neurexins both interact with
cytosolic scaffolding proteins that are components of the transduction/effector machinery
involved in synapse formation. Neuroligins bind to PSD-95,1%> a component of postsynaptic
densities that can recruit additional PSD proteins.}42 Neuroligin activity depends on lateral
clustering, which may cluster the molecules of g-neurexin to which they bind across the nascent
synaptic gap. This clustering may recruit cytosolic scaffolding molecules, which interact
directly with the cytosolic tail of s-neurexins,196-158

Little is known about the mechanisms responsible for the formation of ENS synapses. Studies
have just begun to be performed on the expression of S-neurexins and neuroligins in the bowel.
The strong analogy between the CNS and ENS, however, provides a rationale for supposing
that a general mechanism that functions in the formation of CNS synapses may function
similarly in the formation of ENS synapses. This supposition is strongly supported by
preliminary data (F. D’ Autréaux, T.R. Gershon and M.D. Gershon, personal observations),
which indicates that the splice variants of s-neurexins that can interact with neuroligins as well
as all 3 rodent neuroligins are expressed in the bowel of fetal rat. The hypothesis that the
interaction between S-neurexins and neuroligins is necessary and sufficient to trigger the
formation of ENS synapses takes on added significance because of the observation that genes
encoding neuroligins are mutated in cases of autism and that the autism-associated mutations
lead to a loss of function in the molecules.139-162 G| dysfunction occurs frequently in children
with autism spectrum disorders63—169: this association has led to the proposal that regressive
autism is caused by the persistence of live measles virus in the bowel following vaccination
against measles, mumps, and rubella (MMR).164:169-171 Thjs hypothesis posits that viral
persistence causes the gut to “leak,” leading to the absorption of peptides aberrantly formed in
the intestinal lumen, which are postulated to disturb the forming brain, causing autism. Given
the peptidases of enterocytes, the ability of the liver to take up and detoxify peptides, the blood-
brain barrier, and the lack of known luminal peptides that cause an autism-like syndrome in
animals, the “leaky gut” hypothesis lacks plausibility (M.D. Gershon, testimony US Congress
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Committee and Government Reform, 2002). There is also evidence against its core
supposition72 and the relationship of autism to MMR vaccination.1”3 Still, even if unfounded,
the frightening suggestion that vaccination might cause autism has adversely affected vaccine
acceptance. It would thus be very important (and reassuring) to gain insight into a plausible
alternative that might actually be the cause of the association of autism with GI dysfunction.
If as is likely, mechanisms that govern the formation of synapses in the ENS and CNS are
similar, then a neuroligin mutation that disturbs synapse formation and contributes to autism
would also be expected to lead to Gl malfunction.

Conclusions

The ENS is far more complex than extraenteric peripheral ganglia and quite different from
them. There is a strong functional, ultrastructural, and chemical resemblance between the ENS
and the CNS. It follows that the mechanisms that govern the development of the ENS are
different from those responsible for the remainder of the PNS. Many of the genes, which when
mutated, give rise to Hirschsprung’s disease have been identified. Unfortunately the list, while
long, is still incomplete. One reason that many different mutations can result in the same
disease, Hirschsprung’s, is that the bowel and the ENS are limited in their repertoire of
responses to insults. Another is that all of the genes that are associated with the acquisition of
Hirschsprung’s disease except those related to EDN3 signaling are required by early precursors
of enteric neurons. These early cells are multipotent and give rise to all of the phenotypes of
neurons that populate the bowel. A loss of the function of these early genes thus results in pan-
neuronal lesions in which segments of bowel become aganglionic. It is plausible that the
aganglionic regions are located in the terminal bowel because that is the last region of the gut
to be colonized by émigrés from the neural crest. The length of the resulting defect presumably
reflects the degree to which the function of the defective gene is compromised. Why EDN3
signaling gives rise to Hirschsprung’s disease is controversial. EDN3 and its related
biosynthetic converting enzyme (ECE1) and receptor EDNRB may cause aganglionosis
because EDN3 prevents premature differentiation of enteric neuronal precursors, because
EDNRB interactions are required to enable Ret signaling to be sufficient, or because EDNRB
stimulation enables crest-derived cells that are migrating along a GDNF gradient to escape
becoming trapped by the high concentration of GDNF in the cecum. In any case, it is important
to distinguish the effects of the early gene mutations that result in aganglionosis from the later
mutations that affect development of specific subsets of enteric neurons, their guidance, or the
synapses they form. These latter mutations do not cause the bowel to become aganglionic and
their effects may be subtle and inapparent when the gut is examined by the routine methods of
pathology. If the loss of function of a late-acting gene results in a defect in the development
of a critical type of neuron, such as the submucosal IPAN that initiates peristaltic and secretory
reflexes, which is NT-3/TrkC-dependent, then the resulting intestinal defect will be
catastrophic. Such a defect, as yet unrecognized, could be the cause of CIP in which intestinal
motility fails despite the presence of both ganglia and smooth muscle. Defects in neurons that
modulate motility, but are not required for its manifestation, are compatible with life, but may
give rise to dysmotility syndromes or IBS. Similarly, problems with synapse formation,
common to the ENS and CNS, may enable both to function, but suboptimally resulting, for
example in autism and autistic colitis. The rapid progress of current research on the ENS and
its development, both molecular and physiological, promises that a subsequent review of this
subject will be far more specific and full of treatments and schemes for disease prevention than
can be managed right now.
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Figure 1.

Specific transcription and growth factors define stages in ENS development. The earliest
precursors of enteric neurons and glia are multipotent and dependent on the expression of the
transcription factor, Phox2b. Derivatives of these cells that colonize all regions of the bowel,
with the exception of the primordial esophagus and adjacent stomach, depend on the
stimulation of Ret by GDNF in a complex with the Ret coreceptor, GFRal. The ENS of the
primordial esophagus and adjacent stomach is Ret-independent, and depends instead on the
expression of the b-HLH transcription factor, Mash-1. Both the expression of Phox2b and Ret
are promoted by the transcription factor, Sox10, the expression of which is essential for ENS
development. Because they are required by multipotent precursors early in development, loss-
of-function mutations in Phox2b, Sox10, or Ret (or its ligand or coreceptor) give rise to
aganglionosis of the bowel. Only the esophagus and adjacent stomach become aganglionic due
to loss-of-function mutations in Mash-1. Later stages in ENS ontogeny involve the
development of committed lineages of enteric neuronal or glial precursors. Sets of enteric
neurons that colonize the bowel distal to the esophagus and adjacent stomach are Mash-1-
dependent or -independent. Loss-of function mutations in Mash-1 thus do not cause the gut to
become aganglionic, but to lose only specific derivatives of Mash-1-dependent precursors,
including transiently catecholaminergic (TC) precursors and the 5-HT- and NOS-containing
neurons to which they give rise. A subset of Mash-1-independent precursors expresses TrkC
(evidently in response to BMP-2 and/or -4 stimulation) and thus becomes NT-3-dependent.
These cells include the submucosal IPANS that initiate peristaltic and secretory reflexes.
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Figure 2.

Anti-DCC and RP-cAMPS block the selective migration of crest-derived cells from gut to
pancreas. Explants of fetal mouse stomach and duodenum were co-cultured with pancreatic
rudiments. G, gut; p, pancreas; arrows, crest-derived cells. Scale bar, 100 um. (From Jiang and
coworkers.119)
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KO

Figure 3.

The submucosal and pancreatic plexuses are absent in transgenic mice that lack DCC. WT,
wild-type; KO, DCC —/—; g, gut; p, pancreas; arrows, pancreatic ganglia. Neurons were shown
by demonstrating PGP9.5 immunoreactivity (red) or acetylcholinesterase activity (brown).
Scale bars, 100 zm. (From Jiang and coworkers.119)
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Figure 4.

Interactions between neuroligins and -neurexins are important general mechanisms in synapse
formation. The neurexin family of proteins is a large one; however, only a-neurexins interact
with neuroligins and play roles in synaptogenesis. S-Neurexins are important in calcium entry
and interact with a-latrotoxin and neurexophilins, which are soluble.
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