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I. Introduction

The enteric nervous system (ENS) is composed of neurons and glia that provide
intrinsic innervation to the intestinal tract and modulate functions such as motility,
homeostasis, and secretion (Burns and Pachnis, 2009; Furness, 2006). The ENS is
the largest division of the peripheral nervous system and is the only division able to
function independent of innervation from the central nervous system (Furness,
2006). Considering that as many as 40% of patients who visit medical practitioners
do so because they have intestinal malfunctions (Gershon, 1998), learning how the
ENS develops and functions is crucial for understanding human health and disease,
as well for understanding basic mechanisms of neural development.

The ENS is derived entirely from the neural crest (Le Douarin and Kalcheim, 1999).
Studies from many species have led to an understanding of the basic mechanisms of
neural crest formation (Sauka-Spengler and Bronner-Fraser, 2008), although it remains
unclear when enteric neural crest becomes specified. Many signaling pathways includ-
ing the BMP, FGF, WNT, and Notch signaling pathways are required for induction of
neural crest and specification of distinct subtypes of neural crest derivatives (Sauka-
Spengler and Bronner-Fraser, 2008). However, what specifies and guides ENS pre-
cursors to the intestinal tract is still unknown. Defined roles though have been estab-
lished for specific signaling pathways necessary for migration, proliferation, and
differentiation of enteric neural crest precursors after these cells have reached the
gut. These signaling pathways include the GDNF, Endothelin, BMP, Hedgehog (Hh),
Retinoic Acid, Notch, Semaphorin, and Netrin pathways (reviewed in Burzynski et al.,
2009). Several transcription factors have also been implicated in ENS development
including Mashl, Pax3, Phox2b, Hand2, Hox1la, and Hoxb5 (reviewed in
Burzynski et al., 2009). Although considerable work has been carried out on ENS
development, there are still many outstanding questions that remain unresolved. For
example, we still do not have a good understanding of how the lineages of specific
types of enteric neurons are specified, how enteric circuitry is established, or the extent
of ENS abnormalities that may result in human intestinal disorders (Gershon, 2010).

The ability to use both forward and reverse genetic approaches and to visualize
development in living embryos and larvae has made zebrafish an excellent model in
which to study mechanisms underlying ENS development and to gain insights into
diseases affecting the human ENS (Burzynski et al., 2009). Here we review studies
using zebrafish that have provided a new understanding of the cellular, molecular,
and genetic mechanisms underlying ENS development and the establishment of
intestinal motility. Many of these studies are also providing new insights into human
digestive tract diseases.

Il. Organization of the Zebrafish Intestinal Tract

The intestinal tract, often referred to as the gut, is a complex organ composed of
several different cell types, including the gut epithelium, gut musculature,
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Fig. 1 Comparison of mammalian (A) and zebrafish (B) intestinal architecture. Reprinted from
Wallace et al. (2005) with permission from Elsevier.

vasculature, immune cells, and the ENS. The teleost gut is generally similar to that of
mammals, although it is somewhat simpler in overall architecture (Wallace et al.,
2005) (see Fig. 1). For example, in zebrafish, the esophagus connects directly to the
intestine without the presence of a stomach (Wallace et al., 2005). The beginning of
the intestine is defined by the insertion of the common hepatic—pancreatic duct and
by digestive enzymes characteristic of the intestine (Wallace and Pack, 2003). Even
though there is no stomach, the anterior embryonic intestine is enlarged and may
function as a food reservoir. This anterior intestinal region, known as the intestinal
bulb, also has retrograde motility that differs from the predominantly anterograde
propulsive motility observed in the posterior intestine (Holmberg et al., 2007). The
intestinal bulb also contains a few scattered goblet cells that produce both acid and
neutral mucins (Ng et al., 2005). Furthermore, the patterns of sox2, barx1, gata5, and
gata6 expression in the anterior zebrafish intestine resemble those of the developing
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mammalian stomach (Muncan et al., 2007) and may allow this section of the gut to
develop additional functions of storage and mixing of luminal contents. In addition
to lacking a stomach, the structure of the zebrafish gut epithelium is simpler than that
of amniotes. The zebrafish gut epithelium lacks crypts and is arranged in broad,
irregular folds rather than forming villi (Ng et al., 2005; Wallace et al., 2005).
Zebrafish also lack a submucosa layer found in the guts of amniotes
(Wallace et al., 2005) that contains a large amount of connective tissue and large
blood vessels and lymphatics. The vascular tissue in the zebrafish intestine is found
in the mucosa and the muscularis.

In addition to host cells, the vertebrate gut is home to a vast consortium of
microbial cells typically referred to as the gut microbiota (Cheesman and
Guillemin, 2007; Kanther and Rawls, 2010). The collective genome of the gut
microbiota exceeds that of the host by several orders of magnitude and encodes
critical digestive capacities absent from the host genome (Gill et al., 2006), suggest-
ing a crucial role for this coevolved community in intestinal development and
function. The role of the microbiota in gut development has been investigated by
rearing animals in a sterile environment and comparing them with conventionally
reared animals. The importance of the microbiota in gut development has been
revealed by studies in both mouse and zebrafish showing that in the absence of
gut microbiota, programs of gut epithelial cell type specification and maturation are
altered (Backhed et al., 2005; Bates et al., 2006). Interestingly, one aspect of zebra-
fish gut function that is affected by the absence of the microbiota is motility
(Bates et al., 2006), raising the possibility that the gut microbiota influence the
development of the ENS, although this has not yet been tested.

I11. Early Development of the ENS

The zebrafish ENS, like that of all other vertebrates, is derived from the neural
crest (Kelsh and Eisen, 2000). In amniote vertebrates, both vagal and sacral neural
crest contribute to the ENS (Furness, 2006). In contrast, lineage studies in zebrafish
suggest that the entire ENS is derived from vagal neural crest (Shepherd, unpub-
lished data). Consistent with the simpler structure of the zebrafish gut compared
with amniotes, migration of neural crest cells along the zebrafish gut also appears
simpler than that in amniotes. For example, in amniotes, neural crest-derived ENS
precursors migrate caudally along the developing gut in multiple chains that follow
complex and unpredictable trajectories (Druckenbrod and Epstein, 2005; Young
et al., 2004). In zebrafish, neural crest-derived ENS precursors migrate from the
vagal region to the anterior end of the gut primordium, associate with it, and then
migrate as two parallel chains of cells along the length of the developing gut (Fig. 2)
(Elworthy et al., 2005; Olden et al., 2008; Shepherd et al., 2004). Subsequently, ENS
precursors migrate circumferentially around the gut and differentiate into enteric
neurons and glia. The final organization of the zebrafish ENS is also simpler than
that of amniotes, which have two distinct layers of enteric ganglia, the submucosal
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Fig. 2 Migration of neural crest cells into the zebrafish gut. (A-C) Ventral views of embryos with yolk
removed and anterior to left. Arrows indicate migrating enteric precursors. (A) Vagal region showing
crestin expression at 36 hpf. (B) Vagal region showing persistence of phox2b-expressing cells at the
anterior end of the gut at 48 hpf. (C) Somites 3-10 of 48 hpf embryo hybridized showing phox2b
expression. (D) Transverse section of phox2b expression in 48 hpf embryo at level of somite 8; broken
outline indicates border of gut endoderm. Modified from Shepherd et al. (2004) with permission of the
Company of Biologists.
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