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ABSTRACT

The enteric nervous system (ENS) in vertebrates is derived from neural crest cells
which emerge during embryogenesis from the hindbrain and, following stereotypical
migratory pathways, colonize the entire gastrointestinal tract. Assembly of enteric
ganglia and formation of functional neuronal circuits throughout the gut depends on
the highly regulated differentiation of enteric neural crest stem cells (eNCSCs) into a
plethora of neuronal subtypes and glia. The identification of eNCSCs and the
lineages they generate is fundamental to understand ENS organogenesis. However,
the study of the properties of eNCSCs has been hindered by the lack of specific
markers and genetic tools to efficiently identify and follow these cells in vivo.

Although previous in vitro studies have suggested that Sox10-expressing cells of
the mammalian gut generate both enteric neurons and glia, the differentiation
potential of these Sox10" cells in vivo is currently unclear. Here, we have developed
a genetic marking system which allows us to identify Sox10" cells and follow their
fate in vivo. Using this system we demonstrate that Sox10™ cells of the gut generate
both enteric neurons and glia in vivo, thus representing multilineage ENS
progenitors.

To examine whether the neurogenic potential of Sox10" eNCSCs is temporally
regulated over the course of gut organogenesis, we generated additional transgenic
mouse lines expressing a tamoxifen-inducible Cre recombinase (iCreER™2) under the
control of the Sox10 locus (Sox10iCreER™). Activation of iCreER™ in
Sox10iCreER™ transgenic mice at specific developmental stages and analysis of
enteric ganglia from adult animals showed that the pool of Sox10" cells

progressively lose their neurogenic potential.



Abstract

These findings raise the question of the origin of multilineage ENS progenitors
isolated from cultures of post-neurogenic gut. By combining genetic fate mapping in
mice, cultures of enteric ganglia and an ENS injury model, we demonstrate that glial
cells in the adult ENS retain neurogenic potential which can be activated both in
vitro and in vivo, in response to injury.

The signals that lead Sox10™ progenitor cells to become either neurons or glial
cells remain unclear. We hypothesized that the receptor tyrosine kinase RET may be
part of the molecular fate switch between the two lineages being able to divert
differentiation of eNCSCs away from the glial lineage and towards the neuronal fate.
Here, we describe a genetic strategy to attain persistent expression of RET in vivo, in
a temporally and spatially controlled manner. Such a strategy will allow us to assess

the role of RET in ENS differentiation during development.

Taken together, our data provide a framework for exploring the molecular
mechanisms that control enteric neurogenesis in vivo and identify glial cells as a
potential target for cell replacement therapies in cases associated with congenital

absence or acquired loss of enteric neurons.
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General Introduction

1.1. Enteric Nervous System: structure, organization and function

The autonomic division of the peripheral nervous system (PNS) consists of three sub-
divisions: the sympathetic, the parasympathetic and the enteric nervous system (ENS).

The ENS is the largest and most complex sub-division of the PNS.

1.1.1. Structure and organization of the ENS

The ENS is composed of a vast number of neurons and glial cells clustered into multiple
interconnected ganglia embedded within the gut wall. Enteric ganglia are organized into
two major plexi: the myenteric (or Auerbach’s) plexus and the submucosal (or
Meissner’s) plexus (Fig.1.1). The myenteric plexus is situated between the longitudinal
and circular smooth muscle layers and it runs along the full length of the gastrointestinal
tract. The submucosal plexus is closely associated with the connective tissue, between
the circular muscle and the innermost mucosal tissue. In small mammals, the
submucosal plexus is restricted to the small and large intestines whereas in large
mammals, including humans, a few submucosal cell bodies and nerve fibers can be
found in the stomach. The size of ENS ganglia is variable between myenteric and
submucosal ganglia, between gut regions and, to a lesser extent, between species.
Typically, myenteric ganglia are considerably larger than submucosal ganglia in the

same region (Furness, 2006).
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SEROSA
MYENTERIC F -

FPLEXUS - MUSCULARIS EXTERNA:
LONGITUDINAL MUSCLE

MUSCULARIS EXTERNA:
CIRCULAR MUSCLE

SUBMUCOSAL
PLEXUS | suemucosa

! MUSCULARIS MUCOSA
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INTESTINAL
LUMEN

VILLUS

Figure 1.1. The enteric nervous system is organized into two ganglionic plexi, the myenteric and the
submucosal plexus. Schematic representation of a cross-section through the intestinal wall showing its
general organization. Ganglia of the myenteric plexus are localized between the longitudinal and circular

muscle layers whereas the submucosal plexus resides within the submucosa (modified from Cabarrocas et

al., 2003).

1.1.2.Functions of the ENS

Enteric neurons synapse onto other enteric neurons and innervate the muscle, secretory
epithelium, and blood vessels of the digestive tract; the biliary system and the pancreas.
In accordance, the ENS is involved in regulating fundamental activities of the gut wall
such as peristalsis, epithelial secretion, nutrient uptake, blood flow and immune and
inflammatory processes (Kunze & Furness, 1999). In small mammals, control of gut
motility is mainly carried out by the myenteric plexus whereas submucosal neurons are
primarily responsible for the regulation of the secretory, absorptive and vascular

functions of the gut. In larger mammals, some submucosal neurons participate directly,
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along with the myenteric plexus, in the control of motility reflexes (Timmermans et al.,
2001). Because of its critical role in fundamental activities of the gastrointestinal tract,
the ENS is absolutely essential for all stages of postnatal life. Hence, mice lacking ENS
throughout the gastrointestinal tract (Pattyn et al., 1999; Southard-Smith et al., 1998) or
from particular regions, such as the esophagus (Guillemot et al., 1993) or small and
large intestines (de Graaff et al., 2001; Schuchardt et al., 1994), usually die within 24

hours after birth.

1.1.3.Characteristics of the ENS

The ENS differs both structurally and functionally from any other component of the
PNS (Gabella, 1987; Gershon, 1981). Unlike other autonomic ganglia, enteric ganglia
do not contain blood vessels, connective tissue cells or collagen fibrils. Structural
support for enteric neurons is not provided by connective tissue or Schwann cells but
rather by a unique glial cell population, morphologically and phenotypically more
similar to central nervous system (CNS) astrocytes than to support cells of the
sympathetic and parasympathetic ganglia (Gershon & Rothman, 1991). The absence of
connective tissue and the close packing of neurons and glia give enteric ganglia an
appearance similar to the CNS (Gabella, 1981). In terms of cell numbers, the ENS is the
largest sub-division of the PNS containing as many neurons as can be found in the
spinal cord (Gershon, 1993). Moreover, the ENS is, by far, the most complex PNS
component in terms of the number of different subtypes of neurons and their
connectivity. Enteric neurons can differ in neurotransmitter expression, morphology,
electrophysiology and function (Brookes, 2001; Costa et al., 1996; Furness, 2000).

Although clustered into ganglia, neurons do not form identifiable structural units of
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morphologically, functionally and biochemically similar neuronal subtypes. In contrast,
neurons of different subtypes are grouped in each ganglion forming repeating units of
neuronal circuitry along the length of the gastrointestinal tract.

The large number of neurons present in the enteric plexi and their phenotypic
diversity is reflected into highly complex reflex circuits, which function largely
independent of the CNS. In fact, even though the ENS receives input from the brain and
spinal cord nuclei via the sympathetic and parasympathetic branches of the autonomic
nervous system (Luckensmeyer & Keast, 1998; Powley, 2000), the intrinsic innervation
of the bowel is the only region of the PNS intrinsically capable of mediating reflex
activity (Furness et al., 1995). Given its autonomy and the structural and neurochemical
resemblance to the CNS, the ENS has been referred to as the “second brain” (Gershon,

1998).

1.2. Enteric Nervous System: origin and development

1.2.1.Embryonic origin of the ENS

As part of the PNS, the ENS is derived from the neural crest, a transient structure that
extends along the rostro-caudal axis of developing vertebrate embryos (Le Douarin &
Teillet, 1973; Yntema & Hammond, 1954). Neural crest-derived cells (NCCs) comprise
a heterogenous population of migratory progenitors that emigrate from the dorsal neural
tube during embryogenesis. NCCs, which include neural crest stem cells (NCSCs),
follow stereotypical migratory routes and colonise specific embryonic sites where they
generate a range of different derivatives, namely neurons and glia of the peripheral

sensory and autonomic ganglia, Schwann cells, melanocytes, chromaffin cells of the
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adrenal medulla and much of the skeletal and connective tissue of the craniofacial
structures (Le Douarin & Dupin, 2003).

The neural crest origin of the ENS was first suggested by Yntema and Hammond
(1954). In a series of ablation studies, Yntema and Hammond showed that, in the
absence of the neural crest, the ENS fails to develop in a histologically normal gut.
These results were later confirmed by Le Douarin and Teillet (1973) using chick-quail
interspecies chimaeras. Quail NCCs were grafted into chick embryos prior to the onset
of migration and this led to the presence of quail neurons and glia in the gut of the
grafted chick embryos supporting the neural crest origin of the ENS (Le Douarin &
Teillet, 1973). Cell lineage studies revealed a similar origin for the ENS in mammals
and zebrafish (Serbedzija et al., 1991; Shepherd et al., 2001). Even though NCCs are
produced from the entire length of the neural axis, only certain tightly defined regions of
the neural crest give rise to the ENS, more specifically the vagal and sacral regions

Fig.1.2).

from (Heanue & Pachnis, 2007).

22

Figure 1.2. Enteric neurons and glia arise from neural
crest-derived cells. At approximately embryonic day
(E) 8.5-9 in the mouse, vagal neural crest cells (red
arrow) invade the foregut and migrating in a
rostrocaudal direction colonise the entire foregut (FG),
midgut (MG), caecum and hindgut (HG) giving rise to
the majority of the enteric nervous system (red dots).
The sacral level neural crest cells (orange arrow) also
contribute to the ENS by migrating towards the gut at

E13.5 and colonising the colon (orange dots) (modified



General Introduction

Contribution of the vagal neural crest to the ENS

The vagal crest is the only axial level that provides precursors to the entire
gastrointestinal tract (Epstein ef al., 1994; Yntema & Hammond, 1954). Located at the
level of somites 1 to 7, the vagal crest comprises the NCSCs that give rise to the
majority of enteric neurons and glia as well as to other structures of the PNS like cardiac
ganglia and sensory ganglia of cranial nerves (Durbec et al, 1996; Le Douarin &
Teillet, 1973; Newgreen, 1979; Yntema & Hammond, 1954).

Identification of the vagal neural crest as a major source of the ENS throughout the
gut was achieved by performing crest ablations in chick embryos at various axial levels
(Yntema & Hammond, 1954). More recent studies using chick-quail grafts and
fluorescent dyes to label the neural crest confirmed the contribution of the vagal neural
axis to the ENS (Le Douarin & Teillet, 1973; Serbedzija et al., 1991).

Colonisation of the embryonic gut by vagal NCCs has been examined using cellular
markers and transgenic lines. These studies showed that vagal progenitors of the ENS
(called pre-enteric neural crest stem cells-peNCSCs) delaminate from the neural tube
between embryonic days (E) 8.5-9 in mice and start migrating, first ventrally and then
ventromedially, until they enter the foregut by E9.5. Once within the gut, enteric NCCs
(eNCCs), which include enteric neural crest stem cells (eNCSCs), migrate in a rostro-
caudal wave to populate the entire gastrointestinal tract (Anderson et al., 2006a;
Anderson et al., 2006b; Druckenbrod & Epstein, 2005; Kapur et al., 1992; Pachnis et

al., 1993; Young et al., 1998; Young et al., 1999).
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Contribution of the sacral neural crest to the ENS

The vagal crest is not the sole source of the ENS. A combination of cell lineage studies
using chick-quail grafts, Dil and retrovirus showed that some cells that populate the
chick ENS are derived from the sacral level neural crest (Burns & Douarin, 1998; Le
Douarin & Teillet, 1973; Pomeranz et al., 1993; Serbedzija et al., 1991). Similarly,
studies using transgenic markers revealed an additional minor contribution of sacral-
derived NCCs for the mouse ENS (Anderson et al., 2006b; Kapur, 2000). In one of the
few species differences this source is absent in zebrafish (Elworthy et al., 2005).

The sacral crest lies caudal to somite 28 in birds and somite 24 in mice and it
colonises only the post-umbilical gut (Burns & Douarin, 1998; Le Douarin & Teillet,
1973). The time of arrival of sacral NCCs into the hindgut and the phenotypes of its
derivatives was examined in both chick and mouse embryos. Sacral NCCs were
observed to migrate ventrally to populate the pelvic mesenchyme and the nerve of
Remark (unique to birds) and then pause in their migration outside the hindgut. Upon
arrival of the vagal eNCCs, sacral progenitors invade the hindgut (at E7.5 in the birds,
E13.5 in mice) contributing to the colonisation of the distal region of the bowel
(Anderson et al., 2006b; Burns & Douarin, 1998; Kapur, 2000). Sacral NCCs were
found to give rise to neurons and glia but the proportion of ENS cells derived from the

sacral crest level is small and declines rostrally (Burns & Douarin, 1998).

1.2.2.Development of the ENS
NCCs that form the ENS emigrate from the neural crest and migrate into the foregut
(vagal NCCs) and hindgut (sacral NCCs) during embryogenesis. These cells then

migrate along the gut to colonise the entire gastrointestinal tract, which is itself
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undergoing growth, morphogenesis and differentiation. A number of studies showed
that, from the foregut, vagal eNCCs migrate in a rostral to caudal direction following a
specific time course. eNCCs migrate through midgut and approach the ileocaecal
junction by E10.5 in the mouse. By E11.5, eNCCs have passed the caecal bulge and by
E12.5 they have entered the hindgut. Colonisation is complete around E14.5 when
eNCCs reach the end of the hindgut (Anderson et al., 2006a; Druckenbrod & Epstein,
2005; Kapur et al., 1992; Young et al., 1998; Young et al., 1999). At this point, vagal
eNCCs mix with cells of sacral origin that are migrating caudorostrally to colonise the
hindgut (Fig.1.3). During early stages of migration, eNCCs spread through the
mesenchyme, but shortly after colonising a region, they form a narrow layer between the
longitudinal and circular muscle. In contrast, eNCCs are found in the submucosal plexus
only 2-3 days after and it has been suggested that they arise from a secondary centripetal
migration from local myenteric cells (Gershon et al., 1980; Jiang et al., 2003; Kapur et
al., 1992).

As eNCSCs migrate away from the gut entry points and spread uniformly through
the gut, they respond to strong proliferative signals, which increase their numbers
dramatically (Gianino et al., 2003). In parallel, subsets of eNCSCs undergo sequential
lineage restriction before differentiating into neurons and glia. Thus, the development of
the ENS is a complex, asynchronous process that relies on the control of cell migration,
proliferation and differentiation of eNCSCs and their progeny in a spatiotemporally
controlled manner. Appropriate control of these cellular processes is absolutely essential

for the formation of a functional ENS.

25



General Introduction

Figure 1.3. Temporal and spatial distribution of eNCCs labelled using the bigenic system Wntl1-Cre;
R26ReYFP. Inverted microscopic confocal images of whole mount gut preparations immunostained for
YFP. At E10.5 vagal eNCCs have migrated through the stomach (st) and midgut (mg) and approach the
caecal buldge of the intestine (A; X100 magnification). Between E11.5 and E12.5, eNCCs colonise the
caecum (B-C; x100 magnification) and, by E14.5, they reach the end of the hindgut (hg) (D; x50
magnification). At that point, vagal eNCCs mix with cells of sacral origin that are migrating

caudorostrally to colonise the distal colon.

1.3. Cellular and molecular mechanisms of ENS differentiation

Some of the migrating NCCs are multipotent (Fraser & Bronner-Fraser, 1991) and
remain so at the time they reach the foregut mesenchyme (Lo & Anderson, 1995;
Rothman et al., 1990; Rothman et al., 1993). Once within the gut, these eNCSCs must
generate a vast array of phenotypically diverse neurons and glial cells. In the ENS,

unlike some parts of the nervous system, different neuronal subtypes and glia are
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generated in the same environment. Furthermore, differentiation of eNCSCs is
asynchronous and so multipotent progenitor cells co-exist with fate-restricted cell types
(Lo & Anderson, 1995). This raises the question of how and when cell type specification
is initiated. A number of studies have suggested that self-renewal of eNCSCs and their
orderly differentiation into distinct lineages is dependent on the interplay between
extracellular cues and cell-autonomous intracellular signalling (Chalazonitis ef al., 1998;
Gershon et al., 1993; Paratore et al., 2002; Pisano & Birren, 1999; Taraviras et al.,
1999). In the last decades considerable progress has been made in identifying a range of
transcription factors, signalling receptors and other molecules implicated in ENS

differentiation.

1.3.1.Molecular control of the generation and maintenance of the pool of eNCSCs

To form the mature ENS, eNCSCs must generate correct numbers of neurons and glia in
a spatiotemporal controlled manner. This requires a fine-tuned balance between
persistence of a pool of eNCSCs and the differentiation of derivatives from this pool. A
number of molecules have been implicated in the maintenance of the eNCSCs
population by controlling cell survival and renewal. One such molecule is Sox10, a
transcription factor of the Sox (SRY-box containing) super-family, identified by a DNA-
binding domain similar to the high-mobility group (HMG) domain of the mammalian
testis-determining factor Sry (Koopman et al., 1991). During early stages of
development, Sox/0 is specifically expressed in NCCs. Its expression is induced shortly
before NCCs exit the neural tube and it continues to be expressed as these cells migrate
(Anderson et al., 2006b; Kuhlbrodt et al., 1998; McKeown et al., 2005). Later, when

NCCs have reached their final destination and become post-migratory, Sox/0 is strongly
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expressed in glial cells, but not the neurons that comprise neural crest derivatives, such
as the dorsal root ganglia (DRG), sympathetic chain and ENS (Britsch et al., 2001;
Cheng et al., 2000; Cheung & Briscoe, 2003; Kuhlbrodt et al., 1998). Outside the neural
crest and its derivatives, Sox/0 is expressed in the otic epithelium and in the central
nervous system where it is maintained exclusively in the oligodendrocyte lineage
(Cheng et al., 2000; Kuhlbrodt et al., 1998; Stolt et al., 2002).

Consistent with its expression pattern, Sox/0 is required for proper development of
various neural crest-derived cell types. Animals homozygous for a spontaneous
mutation in the Sox/0 locus, the Dominant megacolon (Sox/0”°"), show a severe
embryonic lethal defect comprising absence of enteric ganglia as well as reduction of
sympathetic and parasympathetic ganglia, loss of glia, melanocytes and adrenal
chromaffin cells (Kapur, 1999; Southard-Smith et al., 1998). A similar phenotype is
exhibited by homozygous mice carrying a targeted Sox/0 null mutation (Sox!0"“%;
(Britsch et al., 2001). Haploinsufficiency of Sox10 results in distal enteric aganglionosis,
pigmentation defects and cochlear neurosensory deafness (Britsch ef al., 2001; Herbarth
et al., 1998; Paratore et al., 2002), a phenotype similar to WS4 (Shah-Waardenburg
syndrome) observed in human patients carrying SOX70 mutations (Pingault ef al., 1998;
Southard-Smith et al., 1998). Studies by Paratore et al. (2001) showed that the cellular
basis for these phenotypes is the requirement for Sox10 by NCSCs before lineage
segregation. Sox10 is not required for initial NCSCs specification or migration from the
neural tube (Britsch et al., 2001; Herbarth et al., 1998; Southard-Smith et al., 1998) but
it is essential for the survival of undifferentiated post-migratory NCSCs. In accordance,

in the absence of this transcription factor NCSCs undergo apoptotic cell death before
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entering the foregut, which leads to the complete elimination of ENS precursors from
the entire gastrointestinal tract (Kapur, 1999; Southard-Smith ef al., 1998).

A combination of in vivo and cell culture studies has suggested that Sox10 might be
also implicated in maintaining NCSCs in an undifferentiated state. Paratore et al. (2002)
reported that decreased levels of Sox/0 do not impair survival or migration of eNCSCs
within the gastrointestinal tract but prevents them from maintaining their progenitor
state leading to the acquisition of preneuronal traits (Paratore et al., 2002). In contrast,
Sox10 overexpression in cultured NCSCs inhibits neuronal and glial differentiation
(Bondurand et al., 2006; Kim et al., 2003).

Despite its role in the maintenance of the ENS progenitor pool, Sox10 does not
appear to be sufficient for conferring progenitor character to eNCSCs as it is also
expressed at high levels in the glial lineage of the ENS. This argues that additional
factors contribute to the maintenance of the pool of eNCSCs, presumably by interacting
with Sox10 either directly or indirectly. One such factor is the transcriptional factor
Sox8. Sox8 belongs to group SoxE along with Sox9 and Sox/0. Unlike Sox9, Sox§
exhibits an expression pattern similar to Sox/0 with occurrence in peNCSCs, eNCSCs
and later confinement to enteric glia (Maka et al., 2005). Although single Sox8 mutant
animals show no defects in ENS development (Sock ef al., 2001), Sox8 functions as a
modifier gene for Sox/0-dependent ENS defects as it increases cell death in the
peNCSC population leading to an increased severity of aganglionosis in Sox/0
heterozygous mice.

A number of genetic and cell culture studies have highlighted also the interaction

between Sox10 and the signalling pathways EDNRB/endothelin-3 and RET/GDNF in
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the regulation of the progenitor pool size. EDNRB is a G protein-coupled receptor for
the intracellular messengers endothelin-1 (ET-1), ET-2, ET-3 (Inoue et al., 1989).
Among these peptides ET-3 is the only known ligand of EDNRB in the gut during
mouse embryogenesis (Gershon, 1999; Leibl et al., 1999). Analysis of spontaneous and
targeted mutations in the genes encoding ET-3 (Edn3) and EDNRB (Ednrb) established
the requirement of this signalling pathway in ENS development. In mice and rats
lacking Edn-3 or Ednrb, enteric ganglia are missing from the distal regions of the GI
tract (Baynash et al., 1994; Hosoda et al, 1994). Genetic studies showed that the
EDNRB/ET-3 signalling pathway interacts with Sox10 to promote the survival of
peNCSCs as loss of Ednrb (Cantrell et al., 2004) or Edn3 (Stanchina et al., 2006)
increases severity of aganglionosis in Sox/0 heterozygous animals due to increased cell
death of peNCSCs. Consistent with a genetic interaction between Sox/0 and Ednrb loci,
Sox10 binding sites exist in an Ednrb enhancer region and are required for proper
spatiotemporal expression of Ednrb in the ENS (Zhu et al, 2004). Moreover,
EDNRB/ET-3 signalling cooperates with Sox10 to maintain eNCSCs in an
uncommitted, self-renewing state allowing a larger enteric neural precursor population
to be built up, for later differentiation (Bondurand et al., 2006; Hearn et al., 1998; Nagy
& Goldstein, 2006). Experiments performed in mouse and chick showed that via its
receptor on crest cells, ET-3 produced by the gut mesenchyme, inhibits or retards
neuronal differentiation (Hearn et al., 1998; Wu et al., 1999). Accordingly, in the
absence of signalling via this pathway there is premature neuronal differentiation and a
resultant smaller pool of undifferentiated cells. As a consequence, fewer progenitors are

available to complete colonisation of the distal gut leading to distal aganglionosis as
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observed in mice and humans with mutations in the genes encoding either ET-3 or
EDNRB (Amiel & Lyonnet, 2001; Baynash et al., 1994; Brooks et al., 2005; Hosoda et
al., 1994). Furthermore, studies by Barlow et al. (2003) showed that EDNRB/ET-3
signalling enhances the proliferative response of eNCSCs to RET signalling.

RET is a transmembrane tyrosine kinase that acts as a receptor for the glial cell line-
derived neurotrophic factor (GDNF) and the other members of the GDNF family of
ligands (GFLs), neurturin, artemin and persephin (Baloh et al., 2000; Saarma, 2000).
The interaction between GFLs and RET is mediated by glycosyl-phosphatidyl-inositol
(GPI)-linked cell-surface glycoproteins (GFRa1-4) and these determine RET ligand
specificity (Airaksinen et al., 1999; Baloh et al., 2000).

The gene that encodes RET (c-Ret) was originally identified as a transforming gene.
Dominant, gain-of-function mutations in this locus lead to the familial cancer syndromes
multiple endocrine neoplasia type 2A (MEN2A) and 2B (MEN2B) and familial
medullary thyroid carcinoma (FMTC) (Grieco et al., 1990; Mulligan et al., 1993). These
syndromes are defined by tumors of the endocrine glands arising from neural crest
derivatives and result from an increased kinase activity and aberrant stimulation of
downstream pathways.

Besides its role in oncogenesis, RET is essential for proper development of diverse
neuronal populations of the PNS, including enteric, sympathetic, parasympathetic and
sensory neurons (Durbec et al., 1996; Schuchardt et al., 1994). In the ENS, c-Ret is
expressed in peNCSCs when they first reach the vicinity of the gut at E9-9.5 and
continues to be expressed as these cells migrate within the foetal gut (Durbec et al.,

1996; Pachnis et al., 1993; Tsuzuki et al., 1995). In the differentiated lineages of the
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ENS, Ret expression is maintained exclusively in the neuronal population (Young et al.,
2003). As suggested by this expression pattern, RET is essential for the development of
the ENS in vertebrates. For instance, humans heterozygous for germline mutations at the
c-RET locus have increased susceptibility to Hirschsprung’s disease (HSCR), a
congenital disorder characterized by the absence of enteric ganglia in the distal colon
(intestinal aganglionosis; (Edery et al., 1994; Romeo et al., 1994). Mice with null
mutations in this gene (Re) die soon after birth and display complete intestinal
aganglionosis (Durbec et al., 1996; Schuchardt et al., 1994). A similar phenotype is
found in mice deficient for either gdnf or gfral, highlighting the functional interaction
between these molecules (Cacalano et al., 1998; Pichel et al., 1996).

Gene targeting studies in mice have provided valuable insight into the role of RET in
ENS development. A detailed analysis of the Ret-deficient embryos showed that in the
absence of RET, eNCSCs undergo apoptosis and fail to enter the midgut suggesting that
the RET signalling pathway provides survival signals to the majority of the progenitors
of the ENS (Durbec et al, 1996; Taraviras et al., 1999). In addition to this early
function, the RET receptor has also been implicated in eNCSCs proliferation. In vitro
assays have demonstrated that activation of the RET receptor by exogenous GDNF
added to the culture medium enhanced cell proliferation and induced an increase in the
number of neural precursors (Chalazonitis ef al., 1998; Hearn et al., 1998; Heuckeroth et
al., 1998; Taraviras et al., 1999). Furthermore, studies by Gianino et al. (2003)
suggested that GDNF critically determines the proliferative capacity of eNCSCs and
that the extent of their proliferation ultimately determines the number of enteric neurons

in the adult gut. Interestingly, the response of eNCSC to GDNF changes as a function of
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developmental age. Chalazonitis et al. (1998) reported that even though at E12 GDNF
has a mitogenic effect on eNCSCs, during the post-migratory stages of enteric
neurogenesis (in the mouse after E14) GDNF preferentially induces the differentiation
of these cells into neurons. The EDNRB/ET-3 signalling system seems to be critical in
the balance between the mitogenic and differentiation effect of RET/GDNF signalling
by counteracting the differentiation role of GDNF without affecting its effect on
proliferation (Hearn et al., 1998).

Maintenance of the eNCSCs population is also dependent on the mitogenic role of
the epidermal growth factor (EGF) as highlighted in a recent study (Fuchs et al., 2009).
Fuchs et al. (2009) showed that, once in the gut, eNCSCs acquire responsiveness to EGF
through upregulation of the EGF receptor (EGFR). This receptor acts through two small
GTPases, Racl and Cdc42. Conditional deletion of Racl and Cdc42 in eNCSCs results
in the reduction of the self-renewal and proliferative abilities of eNCSCs which suggests
that, acting via Racl and Cdc42, EGFR signaling promotes self-renewal and
proliferation of eNCSCs.

Another factor involved in maintenance of the progenitor pool is Notch. The Notch
receptors are transmembrane proteins activated by Delta and Jagged ligands (Yoon &
Gaiano, 2005). The role of Notch signalling in the CNS and PNS is complex and
context-dependent. Overexpression of Notch pathway components has been shown to
either promote the maintenance of undifferentiated progenitor cells or gliogenesis. In the
CNS, overexpression of Notchl or its target genes increases the formation of radial glia
in the telencephalon (Yoon et al., 2004) and instructs adult hippocampus progenitors to

become astrocytes in culture (Tanigaki et al., 2001). In contrast, the absence of Notch or
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the Notch transcriptional effectors Hesl or Hes5 in mice leads to the loss of
neuroepithelial cells and premature neuronal differentiation due to the upregulation of
proneural genes such as Mashl (mammalian achaete-scute homologue 1-Ascll;
(Hatakeyama et al., 2004; Hitoshi et al., 2002). Whether Notch acts to maintain
undifferentiated progenitors and, subsequently to promote gliogenesis, or whether the
defects in gliogenesis are secondary to a premature depletion of the progenitor pool is
still under debate.

Evidence for the role of Notch signalling in the maintenance of eNCSCs in an
undifferentiated state came from the study of mice exhibiting neural crest-specific
defects in Notch signalling (Okamura & Saga, 2008; Taylor ef al., 2007). Taylor et al.
(2007) showed that conditional deletion of Rbpsuh, which encodes a DNA binding
protein (RBP/J) required for canonical signalling by all Notch receptors, results in
severe deficits in the number of eNCSCs. Consistent with a role for the Notch pathway
in the maintenance of the progenitor pool, Rbpsuh” eNCSCs exhibited low efficiency in
colony formation precluding analysis of a potential requirement for Notch signalling in
ENS gliogenesis (Taylor et al., 2007). These results were further confirmed by
Okamura and Saga (2008), who showed that in the absence of Notch signalling there is
loss of Sox10 expression suggesting that Notch is required for the maintenance of Sox10
in eNCSCs, maybe by repressing expression of Mashl (Chen et al., 1997).
Downregulation of Sox10 is accompanied by reduced proliferation and premature
neuronal differentiation leading to the depletion of the progenitor pool.

Another transcription factor essential for the survival of eNCSCs is Phox2b. This

paired box homeodomain transcription regulator is expressed by autonomic neural crest
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derivatives (sympathetic, parasympathetic and enteric ganglia) as well as by some
cranial ganglia and hindbrain nuclei (Pattyn ef al., 1999). In the PNS, Phox2b is required
for the activation of the neuronal programme by inducing expression of proneural genes
such as Mashl and also for the early specification of the neuronal phenotype in
noradrenergic neurons of the PNS (Pattyn et al., 1999; Pattyn et al., 2000). In the ENS,
peNCSCs induce expression of Phox2b upon arrival to the dorsal aorta and its
expression is maintained in essentially all differentiated neurons and also a
subpopulation of glial cells (Corpening et al., 2008; Young et al., 1998; Young et al.,
2003). In the absence of Phox2b, eNCSCs cells arrive at the foregut but fail to migrate
further and undergo apoptosis, which leads to aganglionosis. Furthermore, eNCSCs fail
to express the receptor tyrosine kinase RET (Pattyn et al, 1999). This phenotype
suggests an essential role for Phox2b in the early survival of eNCSCs, probably through

the regulation of Ret expression.

1.3.2.Molecular regulation of enteric neuronal differentiation

Mutant mice in which myenteric neuron density is increased (Taketomi et al., 2005) or
decreased (Roberts er al., 2008) exhibit motility defects, and thus eNCSCs must
generate correct numbers of enteric neurons for the formation of an intact, functional
ENS. Studies over the past years showed that the number and type of neurons produced
by neural stem cells is modulated by changes in the expression of neurogenic signals in
the environment as well as by cell-intrinsic changes that affect the way stem cells
respond to these neurogenic factors (Qian et al., 2000; White et al., 2001). Within the
ENS analogous regulatory mechanisms have been identified. Earlier in vitro studies on

chick, mouse and rat suggested that the RET/GDNF signalling pathway can stimulate
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differentiation of eNCSCs into neurons and promote neurite growth (Chalazonitis et al.,
1998; Hearn et al., 1998; Heuckeroth et al., 1998; Taraviras et al., 1999). Interestingly,
Chalazonitis et al (1998) reported that GDNF inhibits expression of the glial marker
S1008, thus favouring neuronal but not glial differentiation. Despite these studies, the
role of the RET/GDNF signalling pathway in eNCSCs differentiation in vivo is still
poorly understood. Conditional ablation of gfral or c-Ret suggested that, at late stages
of development, RET signalling is required for the survival of enteric neurons in the
colon (Uesaka et al., 2007; Uesaka et al., 2008). However, the effects of abrogating
RET signalling pathway in eNCSCs and how that affects cell commitment and
differentiation was not addressed in this study. Evidence supporting a potential
association between RET signalling and differentiation of eNCSCs into specific cellular
phenotypes came from the study of the monoisoformic Ret mutants, which express only
one of the two RET isoforms, RET9 or RET51 (de Graaff ef al., 2001). In contrast to
RETY, the RETS51 isoform is not sufficient to support normal embryonic and postnatal
development as mutant mice that express only RET51 (Ret’ 13 ") exhibit distal
aganglionosis. Further analysis of these mutants revealed a significant reduction in the
number of enteric neurons (Dipa Natarajan, personal communication), thus suggesting
that RET signalling is required for the generation of neurons in proper numbers. The
role of the RET receptor in neuronal differentiation is further supported by the analysis
of Sprouty2-deficient mice (Taketomi et al., 2005). Sprouty proteins are evolutionary
conserved inhibitors of tyrosine kinase signalling. Studies by Taketomi et al. (2005)

showed that Sprouty2 functions as a negative regulator of RET/GDNF signalling as its
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absence results in hyper-responsiveness to the RET/GDNF system and consequently,
enteric neuron hyperplasia.

Neurturin is another functional ligand of the RET receptor important for ENS
differentiation. The RET/NRTN pathway has a minimal effect on enteric neuron
survival or proliferation but it is involved in the development of cholinergic neurons, not
only in the gut but also in parasympathetic ganglia, since neurturin-/- and gfra2-/- mice
have reduced numbers of cholinergic neurons in the cranial and enteric ganglia
(Heuckeroth et al., 1999; Rossi et al., 1999).

Another class of signalling molecules that influence neuronal differentiation is the
bone morphogenetic proteins (BMPs). The BMPs instruct neuronal differentiation of
NCSCs by inducing expression of proneural genes, such as Mashl (Shah et al., 1996;
Shah & Anderson, 1997). However, the response of NCSCs to these neurogenic signals
changes over time influencing the number and type of neurons that are generated (White
et al., 2001). Within the ENS, BMPs are also involved in the regulation of enteric
neuron number as shown by the study of transgenic mice over expressing the BMP
inhibitor noggin. Noggin antagonism of BPM signalling resulted in an increase of the
total number of enteric neurons, however, enteric neuron subtypes were affected
differently; the number of early-born neuronal subpopulations increased whereas late-
born neuronal subtypes decreased. The effects of noggin over expression are, thus,
correlated with cell cycle exit suggesting that BMP signalling may regulate enteric
neuronal phenotypic diversity by promoting the exit of precursors from the cell cycle

(Chalazonitis et al., 2004; Chalazonitis et al., 2008).
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A number of transcription factors involved in enteric neuronal differentiation have
also been identified, including Mashl and Hand2. Mash1l is a transcription factor that
belongs to the basic helix-loop-helix (bHLH) family. In the CNS, Mashl is expressed
transiently during embryogenesis in neuron-committed progenitors and it is involved in
promoting neurogenesis by activating the expression of a cascade of neuron-specific
genes as well as inhibiting the expression of glia-specific genes (Guillemot et al., 1993;
McNay et al., 2006; Nieto et al., 2001; Parras et al., 2002; Tomita et al., 2000). In the
ENS, Mashl is also expressed transiently; expression begins in neural precursor cells
but it is extinguished as they differentiate into neurons. An earlier report on the in vivo
role of Mash1 in the ENS showed that deletion of this bHLH transcription factor results
in a transient delay in the migration and differentiation of early neural crest cells. This
delay is eventually overcome but the selective elimination of the transient
catecholaminergic-serotonergic neuronal lineage persists suggesting that Mashl is
required for the development of this particular subtype of neurons (Blaugrund et al.,
1996).

More recent studies have identified the transcription factor Hand2 as an important
player in neuronal differentiation. Hand2 is a member of the twist family of bHLH
transcription factors (Firulli, 2003) and it is expressed in the peripheral autonomic
nervous system, including the enteric ganglia (Cserjesi ef al., 1995; Dai et al., 2004;
Morikawa et al., 2005). In the ENS, Hand?2 expression is developmentally regulated; it
peaks at E12.5 and then at E14 declines to a lower level that is maintained throughout
adulthood. The effect of the conditional deletion of Hand2 in eNCSCs has been

analysed (D'Autreaux et al., 2007; Hendershot ef al., 2007). A study by D'Autreaux et
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al. (2007) showed that loss of Hand2 leads to a dramatic reduction in the differentiation
capacity of eNCSCs without affecting their ability to colonise the gastrointestinal tract
or differentiate into glial cells. Furthermore, eNCSCs that enter the neuronal lineage are
unable to complete neuronal differentiation and acquire subtype-specific markers. In a
similar study, Hendershot et al. (2007) suggested that Hand2 expression is required for

the differentiation of specific neuronal subtypes, namely TH" and VIP" neurons.

1.3.3.Molecular control of enteric glia differentiation

A fundamental question in developmental neurobiology concerns the mechanisms that
regulate the transition from neurogenesis to gliogenesis in vertebrates. In the ENS,
neurons appear prior to glial cells as evidenced by the detection of specific markers for
both cell types (Baetge & Gershon, 1989; Baetge et al., 1990a; Young et al., 2003).
This suggests that, as in other parts of the nervous system, enteric glial differentiation
lags behind neural differentiation. However, formation of new neurons persists after the
appearance of glial cells indicating that neurogenesis and gliogenesis co-exist in the gut
of mouse embryos. Although substantial progress has been made towards understanding
environmental and cell intrinsic signals that promote ENS formation in general, very
little is known about the mechanisms that regulate gliogenesis in the gut.

The continuous expression of S0x10 in peripheral glia, including enteric glial cells,
points towards a role for this transcription factor in glial fate specification and
differentiation. Such function has already been verified in the DRGs. In mice
homozygous for a targeted mutation in Sox/0, neuronal cells are able to form in the
DRGs but Schwann cells or satellite cells are not generated (Britsch et al., 2001). Also,

Sox10” NCCs from mouse embryos cultured in gliogenic promoting conditions fail to
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produce any glia (Paratore et al., 2001). This is thought to involve ErbB3 and Notchl as
its expression in glial progenitors is lost in the Sox10 mutant DRGs (Britsch et al., 2001;
Paratore et al., 2001). Indeed, another important player in glia development is the
receptor tyrosine kinase ErbB3. This receptor interacts with the neuronal-derived
neuregulins (NRGs), in particular with the soluble NRG1 isoform, which strongly
suppresses the neuronal fate while promoting differentiation of peripheral glia
(Marchionni et al., 1993; Shah et al., 1994).

Notch is another factor that has been implicated in gliogenesis (Kopan & Ilagan,
2009). More than just inhibiting neuronal differentiation, Notch signalling has been
shown to participate in the regulation of binary fate decisions during neural development
by instructing gliogenesis (Morrison, 2001). Studies by Tanigaki et al. (2001) showed
that Notch activation in CNS stem cells of the adult hippocampus leads to astrocytic
differentiation (Tanigaki et al., 2001). Also, overexpression of Notchl or its target genes
promotes acquisition of glial fates in vivo in the postnatal retina (Hojo et al., 2000).
Consistent with the idea that Notch can send a positive signal that promotes glial lineage
determination in vertebrates, RBP/J (a DNA-binding protein that interacts with the
intracellular domain of activated Notch to regulate transcription) can directly bind the
promoters of glial genes and activate transcription (Anthony et al., 2005; Ge et al.,
2002). The role of Notch signalling in gliogenesis has also been examined in the
peripheral nervous system (Morrison ef al., 2000; Taylor et al., 2007). Morrison et al.
(2000) showed that exposure of NCSCs of the DRG to Notch ligand delta-likel (DII1)
instructs glial differentiation and causes an irreversible loss of neurogenic potential. In

light of these results, the authors suggested that the transient expression of Notch ligands
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by nascent autonomic neurons lead NCSCs to loose their neurogenic potential and
differentiate into glial cells triggering the switch between neurogenesis and gliogenesis
during development. Also, in vivo studies using mice with neural crest-specific defects
in the Notch pathway showed that Notch signalling is required for gliogenesis in sensory
and sympathetic ganglia (Taylor et al., 2007). In the developing ENS, Notch signalling
was shown to be involved in the maintenance of normal numbers of NCSCs (Okamura

& Saga, 2008; Taylor et al., 2007) but its role in gliogenesis was not examined.

1.4. Lineages of the ENS

The mature ENS is comprised of a vast number of different neuronal subtypes plus an
even higher number of enteric glial cells. Generation of specific neuronal subtypes with
a defined projection pattern and the supporting glial cells is essential for the assembly of

functioning neural circuits within the ENS.

1.4.1.Phenotype of neural crest-derived cells that form the ENS

Differentiation of NCSCs into enteric neurons and glia is thought to follow a series of
cell commitment and differentiation steps orchestrated by a highly regulated pattern of
gene expression. Thus, after delamination from the neural tube peNCSCs express
general neural crest cell markers, including the HMG-containing transcriptional
regulator S0x10 and the low-affinity nerve growth receptor p75 (Anderson et al., 2006b;
Young et al., 1998; Young et al., 1999). Upon arrival at the dorsal aorta, peNCSCs
induce expression of the transcription regulator Phox2b and the receptor tyrosine kinase

RET and invade the foregut mesenchyme (Durbec et al., 1996; Lo & Anderson, 1995;
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Pattyn et al., 1999). At this point, a subpopulation of eNCSCs starts to express the
transcription factor Mash1 (Blaugrund et al., 1996; Lo et al., 1997).

From the foregut, eNCSCs initiate a well-orchestrated rostro-caudal migration
culminating in the uniform colonization of the entire gastrointestinal tract (Kapur et al.,
1992; Young & Newgreen, 2001). As eNCSCs migrate through the gut, they proliferate
extensively, while subsets of eNCSCs initiate neuronal and glial differentiation (Fig.1.4;
(Heanue & Pachnis, 2007). In a study by Young et al. (2003) the phenotype of eNCSCs
as they differentiate into neurons and glia was examined (Young et al., 2003). This
showed that differentiation of eNCSCs into neurons takes place shortly after invasion of
the foregut and it is accompanied by the expression of pan-neuronal markers (molecular
characteristics common to all neurons) such as neuron class III B-tubulin (Tujl) and
HuC/D (Marusich et al., 1994; Wakamatsu & Weston, 1997). Along with these
markers, differentiating neurons express also RET, Phox2b but not Sox10. As for the
glial precursors, these are firstly identified behind the migratory wave front, at E11.5, by
the expression of Sox10, p75 and brain-specific fatty acid binding protein
(BFABP;(Kurtz et al., 1994; Veerkamp & Zimmerman, 2001). Besides Sox10, p75 and
BFABP, adult glial cells express S100B (Ferri et al., 1982) from E14.5 onwards and
glial fibrillary acidic protein (GFAP; (Jessen & Mirsky, 1980; Jessen & Mirsky, 1983)

after E16.5 (Young et al., 2003).
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Figure 1.4. Differentiation of eNCSCs into neurons and glia follows a highly regulated programme of
gene expression. eNCSCs that enter the foregut express the transcription factors Sox10 and Phox2b, p75,
and the receptor tyrosine kinase RET. A fraction of eNCSCs induce expression of Mashl and these are
thought to be committed precursors of the neuronal lineage. These cells do not express Sox10 and they
exhibit low levels of p75. Cells that differentiate into neurons downregulate Mashl and p75, maintain
RET expression, and upregulate pan-neuronal markers such as Tujl and HuC/D. Similar to eNCSCs,
gliogenic precursor cells express Sox10 and p75 but they downregulate RET expression and upregulate
the glial specific marker BFABP. Differentiated glial cells express BFABP and upregulate other glial
markers such as S1008 and GFAP. Adapted from (Heanue & Pachnis, 2007).

1.4.2.Enteric neuronal cells

Neuronal diversity in the adult ENS

Enteric neurons are very diverse in terms of cell morphology, function, type of
neurotransmitters and neuropeptides produced and patterns of axonal projection.
Initially, enteric neuron subtypes were classified based on morphological characteristics
(Furness,  2006).  More  recently, a  combination of  morphology,
neurotransmitter/neuromodulator content, electrophysiology, target tissue and direction

and length of axon projection have been used to classify enteric neurons. In the small
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intestine of the guinea pig about 20 distinct subtypes of myenteric neurons and 4-5
subtypes of submucosal neurons have been identified. These include excitatory and
inhibitory motor neurons (which target the muscle layers), ascending and descending
interneurons (that connect enteric neurons in different ganglia), sensory neurons (which
monitor the state of the lumen and gut wall), secretomotor neurons and vasodilator
neurons (project to the mucosa and to the local blood vessels) (Brookes, 2001; Costa et
al., 1996; Furness, 2000). A similar number of enteric neuron subtypes is also present in

the mouse gut (Qu et al., 2008).

Developmental appearance of enteric neuronal subtypes

During differentiation, enteric neurons first express pan-neuronal markers and then
acquire markers of terminally differentiated neurons (Baetge & Gershon, 1989;
Branchek & Gershon, 1989; Rothman & Gershon, 1982; Young ef al., 1999). As in most
parts of the nervous system, different types of enteric neurons (identified by the
combined expression of specific neurotransmitters and the enzymes responsible for their
synthesis) develop at different developmental stages (Tablel.l; (Epstein et al., 1983;
Rothman & Gershon, 1982). The first neurons of the developing ENS express the
cathecolamine synthetic enzyme, tyrosine hydroxylase (TH), and they are found only
transiently in the mouse gut. TH is expressed by all developing enteric neurons from
E10 to E15 (Baetge & Gershon, 1989; Baetge et al, 1990a; Young et al., 1999).
However, expression of this marker is downregulated by immature enteric neurons
(Pisano & Birren, 1999) and so, in the mature ENS only a small population of neurons
(less than 0.5% of myenteric neurons) are TH' and these do not arise from the

transiently TH" cells that are present early in embryonic development (Li et al., 2004).
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Tablel.1 The earliest detection of subtype-specific markers and birthdates of myenteric
neurons in the mouse small intestine

Neuronal Developmental Birthdate References
Subtype appearance  (myenteric plexus)
5-HT E12" E8-E14 (Pham et al., 1991; Rothman & Gershon,
1982)
NOS E12 E12.5-P1 (Branchek & Gershon, 1989; Chalazonitis
et al., 2008)
cholinergic E10° ES-E15 (Pham et al., 1991; Rothman & Gershon,
1982)
NPY E13-FE13.5 E10-E18 (Branchek & Gershon, 1989; Pham ef al.,
1991)
VIP El14 E10-P5 (Pham et al., 1991; Rothman et al., 1984)
CGRP E17 E10-P3 (Branchek & Gershon, 1989; Pham ef al.,
1991)

* Radioactively labeled 5’HT can be detected in the gut at E12 but immunoreactivity to 5’HT is not found
until E18

o Synthesis of radioactively labeled Ach from *H-choline is detected from E10 onwards but immunoreactivity
to acetylcholine transporter (ChAT) cannot be detected until E18.5.

As neuronal precursors loose their catecholaminergic phenotype they acquire properties
of cholinergic, serotoninergic, nitregic or peptidergic terminally differentiated neurons.
This has been suggested to involve changes in the microenvironment as the original
catecholaminergic phenotype is maintained when the gut is cultured in vitro (Baetge et
al., 1990b). Terminally differentiated enteric neurons can first be detected in the mouse
gut on day E12. Among these are the serotoninergic neurons that express 5’-
hydroxytryptamine (5-HT) and nitrergic neurons, identified by the expression of nitric
oxide synthase (NOS; (Branchek & Gershon, 1989; Rothman & Gershon, 1982). Using
the synthesis of *H-acetylcholine (Ach) as a marker, cholinergic neurons were first
detected from E10 to E12 (Rothman & Gershon, 1982) although immunoreactivity to
acetylcholine transporter (VChAT) cannot be detected until E18.5 (Vannucchi &
Faussone-Pellegrini, 1996). In embryonic mice, expression of neuropeptide Y (NPY) is,

firstly, found at E13-13.5 (Branchek & Gershon, 1989), vasoactive intestinal peptide
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(VIP) at E14 (Rothman et al., 1984) and calcitonin gene-related peptide (CGRP) at E17

(Branchek & Gershon, 1989).

Phenotypic characteristics of enteric neurons in the adult ENS

In adult mice, NOS-immunoreactive neurons are inhibitory motor neurons to the muscle
or descending interneurons and they represent around 29% of all neurons (Qu et al.,
2008; Sang & Young, 1996). Most NOS" neurons express VIP and a subset of these is
also NPY" (Sang & Young, 1997). 5-HT expression is restricted to 1% of all neurons
and these are descending interneurons that also express acetylcholine (Ach; (Sang &
Young, 1996; Sang & Young, 1997). Ach is expressed in excitatory motor neurons,
which comprise approximately 35% of all neurons, and in interneurons. Intrinsic
sensory neurons represent about 26% of all neurons and express Ach, CGRP and

calbindin (Furness, 2006; Qu et al., 2008).

1.4.3.Enteric glial cells

Morphology, localization and quantification of enteric glia

In addition to neurons, the ENS contains a large number of supporting glial cells. These
are small, star-shaped cells with numerous processes of various length and shape.
Enteric glial cells are found in both myenteric and submucosal ganglia and in the
interconnecting nerve strands. In the nerve strands, glial processes ensheat multiaxonal
bundles whereas in the ganglia, glial cells are in close association with neurons
(Fig.1.5). Unlike the satellite cells of sympathetic ganglia, enteric glia do not envelop
neurons completely. Indeed, a characteristic feature of the enteric plexus is that the glial

sheet that surrounds ENS neurons is incomplete and, as a result, portions of axons or
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neuronal cell bodies can make direct contact with the extraganglionic connective tissue

(Gabella, 1972).

/S1008

Figure 1.5. Ganglia of the myenteric plexus
from the mouse small intestine.

Confocal microscope image (x400
magnification) of a whole mount preparation
of the myenteric plexus immunostained for
the neuronal marker HuC/D (red) and the
glial marker S100B (green). Glial cells are
found in close association with neurons and
in the interconnecting nerve strands between

ganglia.

Glial cells are more abundant than neurons. Quantification of these cells showed that
the glia index, which describes the ratio of glial cells to neurons, increases with species
size from 1.1 or 0.6 in mice to 7 or 1.9 in humans, in the myenteric and submucosal
ganglia respectively (Gabella & Trigg, 1984; Hoff et al., 2008). The number of enteric
glia decreases, however, with age. Age-related glial loss is accompanied by a
proportional loss of enteric neurons but it is unclear whether enteric glia decay precedes
or follows neuronal loss (Phillips et al., 2004). Changes in glial cell numbers were
further observed in animal models of inflammation (Bradley et al., 1997; Bush et al.,
1998) as well as in patients with inflammatory bowel disease (Geboes & Collins, 1998;

Storsteen et al., 1953).

Phenotypic characteristics of enteric glia
Glial precursors are first identified in the developing ENS at E11.5 by the expression of
BFABP (Veerkamp & Zimmerman, 2001; Young et al, 2003). BFABP is found
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exclusively in glial cells and its expression starts even before glial differentiation and so
this is considered as a commitment marker for glial lineage (Young et al., 2003). Other
markers that identify differentiated enteric glia are S100f (Ferri et al., 1982) and GFAP
(Jessen & Mirsky, 1980; Jessen & Mirsky, 1983), both of which are typical of CNS
astrocytes. S100 proteins are small, acidic Ca*"-binding proteins, localized in the
cytoplasm of glial cells where they regulate cytoskeletal structure and function as well
as Ca”" homeostasis. In the gut of embryonic mice, SI00B expression can be first
detected at E14.5, exclusively in glial cells (Gershon & Rothman, 1991; Young et al.,
2003). GFAP identifies the intermediate filament found in cells of astroglial lineage. In

the gut, GFAP starts to be expressed at E16.5 and it is a specific glial marker.

Physiological roles of enteric glia
For some time, glial cells were seen as mere mechanical support elements, holding the
various components of the ENS together. Indeed, during the mechanical activity of the
muscularis externa there are changes in width and thickness of the ganglia as well as
changes in shape of the individual neurons. Morphological data suggest that, by being
firmly anchored to the surface of enteric ganglia and nerve strands through GFAP
filaments, enteric glial cells stabilize the ENS (Gabella, 1981; Gabella, 1990; Hanani &
Reichenbach, 1994). In addition, enteric glia actively respond to mechanical stimulation
with enhanced expression of ¢-fos (Sharkey et al., 1999) and a rise in intracellular Ca*"
levels (Zhang et al., 2003) which suggests that these cells may adjust for structural and
metabolic changes resulting from mechanical stress in the gut wall.

Besides providing structural support, increasing evidence suggest that enteric glia

are actively involved in the control of gastrointestinal functions. The fundamental role
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of enteric glia in the maintenance of ENS integrity was demonstrated by the study of
transgenic mouse models in which enteric glial cells were conditionally ablated (Bush et
al., 1998; Cornet et al., 2001). In these mouse models, ablation of enteric glia led to the
disruption of the intestinal epithelium and vascular integrity resulting in fulminant
intestinal inflammation, hemorrhage and necrosis. The breakdown of the intestinal
epithelial barrier in the absence of enteric glia suggests that these cells are involved in
maintaining mucosal barrier integrity. Also, the occurrence of early vascular lesions in
the intestinal mucosa and submucosa following selective depletion of enteric glia
indicates that these cells may be involved in the regulation of the vascular function of
the gastrointestinal tract. Indeed, enteric glial processes can be found in the mucosal
crypts and tips of the villi where they are in close proximity to epithelial cells and blood
vessels but it is still unclear whether the direct contact between glial cells/processes and
epithelial cells and blood vessels is required for maintaining epithelial and vascular
integrity. Besides their role as a potential component of the mucosal defence system
through the maintenance of the intestinal epithelial barrier, enteric glia have been shown
to be involved in mucosal immune responses. Studies by Ruhl et al., (2001) showed that
enteric glia can synthesise cytokines and respond to inflammatory insults (Ruhl et al.,
2001a). In accordance, an enhanced GFAP expression and increased proliferative
capacity of glial cells was observed in animal models of intestinal inflammation and
tissue samples from patients with inflammatory bowel disease (Bradley et al., 1997;
Storsteen et al., 1953). Whether this proliferative response represents a phenomenon

comparable to the neuroprotective reactive gliosis observed in the CNS is not known.
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Ablation of enteric glia in genetically modified animals indicates that these cells
may also be crucial for neuronal maintenance as their absence results in neuronal
degeneration (Bush et al., 1998) and changes in the neurochemical coding and function
of enteric neurons (Aube et al., 2006; Nasser et al., 2006). It has been proposed that
enteric glia may promote neuronal survival by directly regulating substrate supply and
extracellular homeostasis (Cabarrocas et al., 2003). As for the role of glia in the control
of neurochemical phenotypes, is still unknown whether the actual presence of glia is
required or whether enteric glia secrete factors which stabilize the neurochemical
composition of the ENS but there is some evidence that neurotrophins may be produced
by enteric glia to modulate neuronal gene expression and, eventually, enteric
neurophenotypes (Hoehner et al., 1996). The crosstalk between glial cells and neurons is
further underlined by recent studies demonstrating that glial cells respond to electrical
stimulation or depolarization of enteric neurons with an increase of intracellular Ca*"
(Gomes et al., 2009; Gulbransen & Sharkey, 2009).

Despite the complex and diverse roles of enteric glial cells there is no
gastrointestinal disorder for which an underlying glial defect has been established.
Nonetheless, it is possible that subtle changes in glial function may be involved in the

etiopathogenesis of gastrointestinal disorders.

(Dis)similarities between peripheral extraenteric glia, enteric glia and CNS astrocytes
Enteric glial cells share certain characteristics with two other distinct glial cell
populations, namely Schwann cells and CNS astrocytes (Tablel.2). Like Schwann cells,

enteric glia are derived from the neural crest and are involved in the structural support of
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Tablel.2 Comparison of the properties of Schwann cells, enteric glia and astrocytes

Phenotypic and Schwann cells Enteric glia CNS astrocytes
functional
characteristics
Origin Neural crest Neural crest Neuroectodermal
Morphology Regular shape; Small star-shaped cells; Small star-shaped cells
ensheath axons extension of processes
individually® ensheathing bundles of
axons”
Markers Ran—lB; SMP¢; GFAP, Ran-2; vimentin, GFAP, Ran-2; vimentin,
S100 B S100p° S100p°

Hypertrophy, hyperplasia,
Response to injury de novo expression  Hyperplasia; upregulation of upregulation of GFAP and
GFAPF GFAP* vimentin

A (Gershon & Rothman, 1991); B (Jessen & Mirsky, 1983); C (Dulac et al., 1988); D (Cabarrocas et al.,
2003); E (Jessen & Mirsky, 1992); F (Bradley et al., 1997); SMP, Schwann cell myelin protein; GFAP,
glial fibrillary acidic protein.

peripheral nerve fibers. However, whereas in most peripheral nerves and ganglia
Schwann cells envelop neurons and axons individually, in the ENS a single glial cell
unsheathes several densely packed enteric neurons (Gershon & Rothman, 1991). In
addition to these structural differences, enteric glia are phenotypically and
morphologically distinct from Schwann cells. Enteric glia do not express characteristic
markers of Schwann cells, such as Schwann cell myelin protein (SMP; (Dulac et al.,
1988) and Ran-1, and they exhibit a smaller cell body and more irregular shape
(Gabella, 1981).

Despite having a different origin, enteric glia display many morphological
similarities with CNS astrocytes. Furthermore, these two subtypes share a number of
molecular characteristics; just like CNS astrocytes, enteric glial cells express S1003
(Ferri et al., 1982), glutamine synthase (Jessen & Mirsky, 1983), Ran-2 (Jessen &

Mirsky, 1985) and GFAP (Jessen & Mirsky, 1980; Jessen & Mirsky, 1983). The
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morphological and phenotypic resemblance between enteric glia and CNS astrocytes has
led to the hypothesis that the two cell types may be functionally related.

In the adult CNS, distinct astrocyte cell types have been identified. The neurogenic
astrocytes are the direct descendants of embryonic radial glia cells (Merkle et al., 2004;
Merkle et al., 2007) and reside within rare germinal niches where they function as
neural stem cells, continually renewing the granular and periglomerular interneurons of
the olfactory bulb (Doetsch et al., 1999) and granular neurons of the adult hippocampus
(Seri et al., 2001). In addition to neurogenic astrocytes, fully differentiated postmitotic
astrocytes can also assume a stem-like profile in response to injury. These cells, called
reactive astrocytes, are found within and surrounding a brain lesion and they are
characterized for being highly proliferative and for exhibiting an enhanced expression of
GFAP, nestin and other stem cell markers (Buffo ez al., 2008; Lin et al., 1995). In vitro
these proliferative astrocytes behave as multipotent self-renewing neural stem cells
suggesting that brain injury might induce astrocytes to resume highly controlled
developmental programs for neurogenesis (Buffo et al, 2008). Similar to reactive
astrocytes, an increased proliferation of enteric glial cells has been documented in an
inflammation mouse model (Bradley et al., 1997) and in patients with inflammatory
bowel disease (Geboes & Collins, 1998; Storsteen ef al., 1953). Using Brd-U to identify
cycling cells, in the myenteric ganglia, Bradley et al., (1997) showed that a few
proliferative cells are normally present in the ganglia of adult guinea pig and that these
are glial cells. These observations expand the observations of Gabella (1990) that enteric
glia can divide for some time after birth even when neurons have ceased to do so.

However, the number of proliferative glia increases significantly with inflammation
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suggesting that glial cells are able to respond to inflammatory mediators. Indeed, Ruhl
and colleagues showed that the immunosuppressive cytokine IL-10 enhances
proliferation of enteric glia (Ruhl ez al., 2001b). Which cytokines are involved in the
glia response to inflammation is unknown. In addition, the biological significance of this

response is still unclear.

1.4.4.Enteric neural stem cells

Identification of enteric neural stem cells

There are two main types of neural stem cells, CNS stem cells and NCSCs. CNS stem
cells are defined by their ability to give rise to the neurons, astrocytes and
oligodendrocytes of the brain (Temple & Alvarez-Buylla, 1999). NCSCs are defined by
their ability to give rise to neurons and glia of the PNS (Motrison et al., 1999; Stemple
& Anderson, 1992). As part of the PNS, the ENS is derived from NCSCs.

Most, if not all, the cells that invade the foregut mesenchyme are multipotent self-
renewing NCSCs (Lo & Anderson, 1995; Rothman et al., 1990). At this point, eNCSCs
express a number of markers that are valuable for their identification. Analysis of the
expression profile of eNCSCs from E10.5-E13.5 mice showed that these cells express
Sox10, Phox2b, p75 and RET (Anderson et al., 2006b; Young et al., 1999). However,
expression of these markers is not exclusive of eNCSCs. For example, Sox10, Phox2b
and p75 are expressed in enteric glial cells whereas RET expression is maintained in
enteric neurons (Corpening et al., 2008; Young et al., 2003). The lack of specific and
unique markers for eNCSCs makes their positive identification in vivo rather difficult.
For that reason, the presence of these cells has been ascertained by their behaviour in

culture. A number of different strategies have been used to isolate eNCSCs (Tablel.3).
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For instance, self-renewing multipotential progenitors of the ENS have been isolated
from the gut of foetal, newborn and adult rodents using cell-surface markers, such as
RET (Lo & Anderson, 1995; Natarajan et al., 1999) or p75 (Bixby et al., 2002; Kruger
et al., 2002). In vitro clonogenic assays and in vivo engraftment of these cells showed
that they are capable of generating both neurons and glial cells. eNCSCs have also been
identified by culturing either a mixed population of gut cells (Schafer et al., 2003;
Suarez-Rodriguez & Belkind-Gerson, 2004) or myenteric ganglion cells in isolation
from the surrounding non-neuronal tissues (Saffrey et al., 2000; Schafer et al., 1997
Silva et al., 2008), in conditions that favour growth of cells of interest. In these studies,
the presence of eNCSCs in culture was suggested by the expression of the neural
progenitor marker nestin (Silva ef al., 2008; Suarez-Rodriguez & Belkind-Gerson, 2004)
and the formation of neurospheres (floating spherical colonies characteristic of neural
stem cells) (Schafer et al., 2003); Silva et al., 2008) Using an approach that does not
depend on expression of cell surface or intracellular markers, Bondurand et al. (2003)
isolated eNCSCs using cultures of dissociated gut or outer muscle layers and retrovirus-
mediated gene transfer. In vitro, these cells were shown to undergo progressive
differentiation thereby generating glial cells and different neuronal subtypes as indicated
by the expression of TH, VIP, NPY and CGRP. eNCSCs have also been isolated from
neurospheres obtained from foetal and postnatal bowel of surgical or post-mortem
specimens in humans (Rauch et al., 2006). Despite the contribution of these reports to
the better understanding of the properties of eNCSCs, the lack of markers and genetic
lineage tools to follow the fate of these cells efficiently has hindered the study of this

population in vivo.
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Tablel.3 Summary of strategies used to isolate eNCSCs.

Source Selection Multipotency  Self-renewal References
method capacity
Embryonic Sort of RET" cells (Lo & Anderson, 1995;
mouse gut yes ND Natarajan ef al., 1999)
Embryonic/post Sort of
natal rat gut p75 aintegrind” yes + (Bixby et al., 2002)
cells
Embryonic/post Culture of formation of
natal mouse gut dissociated gut ND neurospheres (Schafer et al., 2003)
Embryonic/post Infection with
natal mouse gut GFP-containing yes yes (Bondurand et al.,
retrovirus 2003)
Postnatal rat gut ~ Culture of isolated Nestin+ cells;
myenteric ganglia ND formation of (Silva et al., 2008)
neurospheres
Nestin+ cells;
Postnatal/adult Culture of ND formation of (Suarez-Rodriguez &
mouse gut dissociated gut neurospheres  Belkind-Gerson, 2004)
Postnatal/adult
rat gut Sort of p75" cells yes yes (Kruger et al., 2002)
Nestin+ cells;
Infant human Culture of isolated ND formation of (Rauch et al., 2006)

gut

myenteric ganglia

neurospheres

ND, not determined; + positive

Temporal changes in the properties of enteric neural stem cells

A number of studies have highlighted the changes in the function of stem cells and other

progenitors with age in diverse tissues, including the haematopoietic system, muscle and

brain (Wagers & Weissman, 2004). These age-related differences have been associated

with changes in the microenvironment but also with cell-intrinsic changes in the stem

cells. In the case of neural stem cells, changes in the proliferative abilities, self-renewal

and differentiation potential have been documented (Kruger et al., 2002; White et al.,

2001). Clonal analysis of p75-sorted cells showed that eNCSC isolated from postnatal

and adult animals generate colonies with fewer cells than the colonies from embryonic
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eNCSCs. Moreover, cell cycle analysis revealed that cultures derived from the gut of
postnatal mice contain less mitotically active cells than cultures from the gut of E14.5
embryos (Kruger et al., 2002). Similar results were obtained when eNCSCs were
isolated using a retroviral approach (Bondurand et al., 2003). Selecting for proliferating
cells, Bondurand et al. (2003) reported that ENS cells isolated from postnatal gut give
rise to smaller neurosphere-like bodies, containing almost half of the proliferating cells
present in the neurospheres from embryonic gut.

Besides changes in proliferation, NCSCs also undergo temporal changes in self-
renewal and neuronal subtype potential (Kruger et al., 2002; Qian et al., 2000; White et
al., 2001). Kruger et al. (2002) cultured p75" eNCSCs isolated from E14.5 and P22 mice
and showed that E14.5 eNCSCs exhibit a higher self-renewal potential than P22
eNCSCs. In terms of neurogenic potential, cultured postnatal eNCSCs were shown to be
less responsive to the neurogenic factor BMP4 than E14.5 eNCSCs. Conversely,
eNCSCs become more responsive to the gliogenic effects of soluble Notch ligand Delta-
Fc with increasing time after birth. This change in the responsiveness to factors in the
microenvironment is likely to occur in vivo since, upon transplantation into developing
peripheral nerve, E14.5 eNCSCs generate mainly neurons (Bixby et al., 2002) whereas

postnatal eNCSCs generate mainly glia (Kruger et al., 2002).

Adult CNS and ENS neural stem cells

An increasing body of evidence has accumulated in recent years supporting the
existence of adult stem cells in a large number of tissues. Interestingly, these cells are
not only present in the hematopoietic system, intestine and skin, which have rapid

physiological turnover rates, but also in organs with slow physiological cell turnover
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rates that would be expected to have extremely poor ability to regenerate, including the
CNS (Morrison & Spradling, 2008).

During development, CNS neuroepithelial cells become radial glia by acquiring
some glial features. This cell type was long thought as specialized glia that guides
neuronal migration along the radial fibers, but recent studies revealed that these are
embryonic neural stem cells (Alvarez-Buylla et al., 2001; Anthony et al., 2004). Radial
glia undergo many rounds of asymmetric cell divisions forming one radial glial cell and
one neuron from each cell division. After production of neurons, radial glial cells finally
give rise to glial cells such as astrocytes and oligodendrocytes. From this point onwards,
active neurogenesis becomes restricted to two discrete regions: the subventricular zone
(SVZ) of the lateral ventricles in the forebrain and the subgranular layer (SGL) of the
hippocampal dentate gyrus (Alvarez-Buylla et al., 2001). The identity (or identities) of
adult neural stem cells in the CNS has been under debate. The prevailing model based
on a series of genetic tracing, pharmacological ablation, and morphological and
immunocytochemistry analysis suggests that special astrocytes are the adult NSCs in the
SVZ and SGL (Alvarez-Buylla et al., 2001). These astrocytes are the direct descendants
of embryonic radial glia (Merkle et al., 2004) and they exhibit radial glial properties.
For example, they express GFAP and, unlike mature cortical astocytes, they maintain a
thin process tethering them to the lateral ventricular wall and ventricular cavity. Despite
sharing a number of features with radial glial cells, NSCs of the adult CNS show
different developmental properties. Indeed, adult neurogenesis exhibits a more

prolonged time course of neuronal maturation (Ge et al., 2006) and, unlike postnatal
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neurogenesis, is dynamically regulated by stimuli that modulate the activity of the
existing neuronal circuitry (Parent ef al., 1997).

Even though, ongoing neurogenesis in the intact mammalian brain is restricted to the
SVZ and SGL, multipotent NSC capable of long term self-renewal and generating
multiple neural lineages have been derived from regions throughout the adult CNS
(Ming & Song, 2005). Whether and to what extent active neurogenesis occurs in these
regions under physiological conditions is still unknown, but injuries and pathological
stimuli such as stroke appear to activate the neurogenesis program outside of neurogenic
regions (Ming & Song, 2005). For example, Carlen et al. (2009) showed that, upon
injury CD133" ependymal cells lining the ventricles in the mammalian forebrain can be
activated to function as adult neural stem cells. Also, postmitotic astrocytes have been
shown to resume stem cell properties in response to injury. Buffo et al. (2008) showed
that following brain damage, mature astrocytes, referred to as reactive astrocytes,
resume proliferation and undergo a number of morphological and phenotypic changes,
such as hypertrophy of their somata and processes (Wilhelmsson et al., 2006), increased
synthesis of GFAP and re-expression of the progenitor markers vimentin and nestin (Lin
et al., 1995; Sofroniew, 2005). These changes in astrocytes are accompanied by the
acquisition of stem cell properties as astrocytes acquire the capacity to form multipotent
and self-renewing neurospheres in vitro. In vivo, reactive astrocytes do not contribute to
the neuronal population, probably due to the antineurogenic environment present in the
adult brain parenchyma (Hampton et al., 2007; Yamamoto et al., 2001). These studies
have contributed to strengthen the hypothesis that, after brain injury or disease, the

release of growth factors, cytokines and other factors from at-risk or dying cells, in
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addition to vascular- and immune-related elements might support a reactive cyto- or
neurogenesis. Also, these studies suggest that distinct cells in the adult CNS can serve as
NSC in mediating neurogenesis under normal conditions or after dramatic injuries as
highlighted by the identification of different cell types with neural stem cell properties.

In the PNS, the presence of adult neural stem cells has been demonstrated in
mammalian olfactory neuroepithelium (Calof et al., 1998) and in the neural crest-
derived carotid body (Pardal et al., 2007). Studies by Pardal et al. (2007) showed that
the carotid body harbours cells that are quiescent under normoxia but that can be
activated in the context of the homeostatic adaptative response to chronic hypoxia. Thus,
upon exposure to hypoxia, the carotid body that does not support ongoing neurogenesis
increases in size due to the generation of new neurons. /n vivo neurogenesis in this organ
was shown to depend on the activation of a resident population of glial cells that in
culture form multipotent self-renewing colonies. In response to hypoxia, these GFAP"
glia cells are converted into actively proliferating GFAP™ nestin’ intermediate
progenitors that give rise to mature neurons.

In the adult ENS, the presence of neural stem cells in vivo has never been
demonstrated and active neurogenesis is not known to occur under physiological
conditions. However, eNCCs capable of long term self-renewal and of generating
multiple neural lineages have been derived from the gut of adult animals suggesting that
the adult ENS harbours progenitor cells (Kruger et al., 2002; Suarez-Rodriguez &
Belkind-Gerson, 2004). This is further corroborated by evidence from injury models
suggesting that enteric neural precursors that are probably quiescent in the adult gut may

be stimulated to proliferate and differentiate in response to stimuli, such as injury,
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contributing to the regeneration of the adult ENS (Filogamo & Cracco, 1995; Hanani et
al., 2003; Ramalho et al., 1993). The identity of these cells and whether they constitute a
permanent undifferentiated pool or are recruited in a regular basis is unknown. In
addition, the potential role of these cells in normal intestinal physiology and in states of

disease or injury is still unclear.

1.5. Neurogenesis in the Enteric Nervous System

Enteric neurons appear early during ENS development, soon after invasion of the
foregut mesenchyme by eNCSCs, as evidenced by the detection of pan-neuronal
markers (Baetge & Gershon, 1989; Young et al., 1999). However, different types of
neurons appear at different stages of development (Branchek & Gershon, 1989);
(Rothman & Gershon, 1982; Rothman et al., 1984) and some of them only at postnatal
stages (Matini et al., 1997; Vannucchi & Faussone-Pellegrini, 1996). Furthermore, there
is an increase in the number of enteric neurons until well after birth (Ali & McLelland,
1979; Gabella, 1971; Liu et al., 2009). eNCSCs are, thus, thought to maintain their
neurogenic potential for a long period but little is known about the rate and extent of

neurogenesis in the ENS.

1.5.1.Neurogenesis in the embryonic and postnatal ENS

The timing of neurogenesis in the ENS has been documented in two birth-dating studies
(Tablel.1l; (Chalazonitis et al., 2008; Pham et al., 1991). Unlike CNS neuronal
precursors, enteric neuroblasts continue to divide after expressing pan-neuronal markers
(Baetge et al., 1990a; Young et al., 2005) and so the birth date of an enteric neuron is

defined as the stage at which the neuronal precursor exits the cell cycle. Pham et al.
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(1991) determined the birth-date of specific subclasses of enteric neurons by providing a
pulse of tritiated thymidine to timed pregnant or postnatal mice (Pham et al., 1991).
Later, labelled nuclei were sought in different neuronal subtypes of the ENS. This
revealed that the birth date of the different neuronal subtypes does not reflect the
developmental stage at which they express specific markers at detectable levels for the
first time. The time window during which each neuronal subtype exits the cell cycle is
long, with major overlaps between the different types of neurons, thus suggesting that
many neurons of all types are ceasing mitosis and differentiating simultaneously in the
same gut region and probably in the same ganglia. Nevertheless, the birth of enteric
neurons of different phenotypes occurs in sequential waves suggesting that generation of
a specific class of enteric neurons may influence the formation of subsequent ones. It is
presently unclear whether this pattern is due to a systematic change in the potential of
eNCSCs/neuronal precursors during enteric neurogenesis or to the presence of multiple
distinct pools of progenitors/precursors each generating a particular neuronal subtype.
Interestingly, some enteric neuronal precursors, more specifically cholinergic and
serotoninergic neuronal precursors, were shown to exit the cell cycle as early as ES,
before invasion of the foregut mesenchyme (Pham et al., 1991). Peptidergic neurons
were shown to be firstly born at around day E10, as the cells first enter the gut whereas
NOS, calbindin and (GABA)ergic neurons withdraw from the cell cycle from E12.5
onwards (Chalazonitis et al., 2008). All subclasses of myenteric neurons are born during
fetal life except for VIP- and CGRP- expressing neurons, which were shown to be born
during the first postnatal weeks. In fact, the last cells to withdraw from the cell cycle in

the mouse myenteric plexus were VIP-expressing neurons, born at P5 (in the myenteric
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plexus) or at P14 (in the submucosal plexus). These findings suggest that new neurons
are added to the enteric plexuses after birth, when the gut has already become functional
and, thus, maturation of the ENS is likely to continue long after embryogenesis. Because
the mentioned birth dating studies are based on the incorporation of markers by enteric
neuroblasts little is known about the population of multipotent, undifferentiated cells of
the ENS and so the question of how long eNCSCs persist in the gut and how their

neurogenic potential changes over the course of ENS development remains unanswered.

1.5.2.Neurogenesis in the adult ENS

Neurogenesis in the CNS was thought to be restricted to embryogenesis. However,
recent studies showed unequivocally that neurons are born throughout life, particularly
in the SVZ of the lateral ventricles and SGL of the dentate gyrus of the hippocampus
(Alvarez-Buylla & Lim, 2004). Unlike the SVZ and SGL, active neurogenesis has not
been detected in the adult mammalian ENS under physiological conditions. Birth-dating
studies were unable to demonstrate neurogenesis in the ENS of adult mice and so the
birth of enteric neurons is thought to occur exclusively during embryonic and early
postnatal stages (Chalazonitis et al., 2008; Pham et al., 1991). Nevertheless, a number of
cell culture studies showed that self-renewing progenitors capable of generating enteric
neurons and glia can be isolated not only from embryonic gut but also from post-
neurogenic adult intestine (Kruger et al., 2002; Suarez-Rodriguez & Belkind-Gerson,
2004). Using flow-cytometry, Kruger et al. (2002) isolated the 1-2% of cells that
expressed highest levels of p75 from the gut of P5 to P110 rats. In culture, these cells
were able to self-renew, proliferate and differentiate into neurons, glia and

myofibroblasts suggesting the persistence of a population with neural stem cell
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properties in the adult gut. Similar results were obtained by Suarez-Rodriguez and
Belkind-Gerson, who found that in vitro, multipotent, proliferating cells isolated from
the ENS of lactating and adult mice express stem cell markers, such as vimentin and
nestin. The neurogenic potential of these cells in vivo and their functional significance in
the adult gut is still unknown. However, these studies raise the possibility that a
population of eNCSCs may persist in the adult ENS but become dormant due to cell-
intrinsic changes or extrinsic factors in the progenitor microenvironment.

Changes in the niche following injury have been shown to activate neurogenesis in a
number of systems (Carlen et al., 2009; Czaja et al., 2008; Ooto et al., 2004). In the
adult ENS, new enteric neurons have been shown to be generated and added to enteric
ganglia when 5-HT agonists are provided (Liu et al, 2009). Liu et al. (2009)
demonstrated that there is a physiological increase in the number of enteric neurons
during the first 4 months after birth and this is 5-HT dependent. From that time point
onwards there is an age-dependent decline in the number of neurons. However,
activation of 5-HT receptors by appropriate agonists in adult mice is able to promote
generation of new neurons that are incorporated into enteric ganglia. Interestingly, the
progenitors of such newly generated neurons are located in germinal niches that lie in
the vicinity but outside the myenteric plexus. The identity of such progenitors and the
mechanisms that drive their neuronal maturation and their migration towards the enteric
ganglia are still unknown.

Neurogenic changes have also been reported in several injury models (Filogamo &
Cracco, 1995; Hanani et al., 2003; Jew et al., 1989; Luck et al., 1993; Ramalho ef al.,

1993; Tokui et al., 1994). Incomplete stenosis of the gut has been shown to result in
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smooth muscle hypertrophy and a significant increase in the size and number of
ganglionic cell bodies of the myenteric and submucosal plexus (Filogamo & Cracco,
1995). This increase was reported to occur in the absence of mitotic nerve cells and so it
was attributed to the differentiation of previously dormant postmitotic cells.
Interestingly, Tokui et al. (1994) showed that after partial resection and reanastomosis of
the intestine of the guinea pig, there is a time-dependent increase in the number of
extraganglionic neurons in the areas adjacent to the lesion. Eventually, these ectopic
neurons reach the lesion area where they form small clusters. Whether these ectopic
neurons emerge de novo or migrate from adjacent ganglia is unclear. Another
experimental model that has suggested neurogenesis in the adult ENS consists of the
denervation of the gut using benzalkonium chloride (BAC; (Hanani et al., 2003;
Ramalho et al., 1993). BAC is a cationic detergent that can cause severe cell damage.
When high concentrations of BAC are applied to the intestinal serosa it causes
generalized tissue damage, including disruption of the smooth muscle, lymphocytic
infiltration, intestinal perforation and death. At lower concentration, this detergent can
be used to selectively destroy the myenteric plexus without damaging the submucosal
plexus or the smooth muscle (Fox ef al., 1983; Ramalho et al., 1993; Sato ef al., 1978).
BAC has been used to generate animal models of aganglionosis (Sakata et al., 1979;
Sato et al., 1978; Yoneda et al., 2002) and also to study the regenerative capacity of the
ENS (Cracco & Filogamo, 1993; Hanani et al., 2003; Luck et al., 1993; Ramalho et al.,
1993). A time course analysis of the morphological changes in the myenteric plexus
after BAC application was carried out by Hanani et al. (2003). This showed that, 2 days

after BAC treatment, neurons are efficiently ablated from the treated area. However, by
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day 7, the denervated region is invaded by regenerating nerve fibers, closely associated
with glial cells. Moreover, from day 30 onwards, undifferentiating cells were identified
around the treated area by electron microscopy. In light of these results, the authors
postulated that quiescent eNCSCs persist in the adult ENS and 