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Abstract

Like the vertebrate enteric nervous system (ENS), the insect ENS consists of interconnected

ganglia and nerve plexuses that control gut motility. However, the insect ENS lies superficially on

the gut musculature, and its component cells can be individually imaged and manipulated within

cultured embryos. Enteric neurons and glial precursors arise via epithelial-to-mesenchymal

transitions that resemble the generation of neural crest cells and sensory placodes in vertebrates;

most cells then migrate extensive distances before differentiating. A balance of proneural and

neurogenic genes regulates the morphogenetic programs that produce distinct structures within the

insect ENS. In vivo studies have also begun to decipher the mechanisms by which enteric neurons

integrate multiple guidance cues to select their pathways. Despite important differences between

the ENS of vertebrates and invertebrates, common features in their programs of neurogenesis,

migration, and differentiation suggest that these relatively simple preparations may provide

insights into similar developmental processes in more complex systems.
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Introduction

Analogous to the enteric nervous system (ENS) of vertebrates, the ENS of higher

invertebrates comprises a distinct division of the peripheral nervous system (PNS),

providing innervation to the alimentary tract and related secretory organs. As in vertebrates,

the ENS of invertebrates includes interconnected networks of ganglia and nerve plexuses

that span different domains of the gut. Depending on their locations, these components

contribute to regulation of feeding and swallowing, gut peristalsis, metabolism, and some

endocrine functions (Penzlin, 1985; Harris-Warrick et al., 1992; Bestman and Booker, 2003;

Ayali, 2004). In contrast to vertebrates, however, the ENS of invertebrates typically consists

of a relatively small number of enteric ganglia and nerves that occupy stereotyped positions

on the most superficial layers of visceral musculature. Consequently, the simplicity and

accessibility of these preparations has been exploited for a variety of developmental and

functional studies. Seminal work using the ENS of crustaceans (specifically the

stomatogastric nervous system of the foregut and stomach) has advanced our understanding

of how neural networks produce modulated motor patterns (reviewed in Nusbaum and
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Beenhakker, 2002; Hooper and DiCaprio, 2004; Marder et al., 2005). In contrast, the ENS of

insects has proven particularly valuable for developmental studies.

The formation of the insect ENS involves many of the same types of cellular and molecular

interactions that have been documented in vertebrate neurodevelopment. Whereas the

vertebrate ENS is derived from neural crest cells that delaminate from the neural plate and

then migrate onto the gut (Gershon, 1981; Le Douarin and Kalcheim, 1999), the insect ENS

is formed primarily by cells that emerge from neurogenic zones within the foregut

epithelium itself. Like neural crest cells, most neural and glial precursors in the insect ENS

subsequently migrate substantial distances before assembling into the ganglia and nerve

plexuses that innervate the gut. Both lineage-dependent and environmental factors affect the

phenotypes that insect enteric neurons ultimately express once they complete their

migration, as has been suggested for neural crest cells that populate the vertebrate ENS

(Burns, 2005). Malleability in the neurogenic program of the insect ENS has apparently

accommodated the structural diversity seen in the alimentary tracts of different species.

Since the excellent summary by Hartenstein (Hartenstein, 1997), a number of studies have

provided additional evidence for convergent aspects of ENS development in insects and

vertebrates. This review is intended to provide a brief overview of these themes, and a

discussion of potential areas in which the insect ENS might be exploited to investigate

developmental mechanisms that also regulate neurogenesis, migration, and neuronal

differentiation in vertebrate systems.

1. Species-specific differences in the morphology of the insect ENS are

common

The insect ENS has been a focus of study since the 17th century, when the Dutch

microscopist Jan Swammerdam first detected nerves on the insect gut (Swammerdam, 1752;

as cited in Penzlin, 1985). Other investigators subsequently applied a variety of names to the

insect ENS, including the stomatogastric, visceral, and sympathetic nervous system (Brandt,

1836; Janet, 1905; Snodgrass, 1935; Bickley, 1942). While the components of the insect

nervous system should not be considered directly homologous to vertebrate structures, both

the general organization and functions of the ENS in both phyla are clearly analogous,

justifying the applicability of this term (Furness, 2006). At first glance, the distributions of

enteric ganglia and nerves found in different insects appear surprisingly diverse (Fig. 1;

Copenhaver, 1993; Hartenstein et al., 1994; Ganfornina et al., 1996). Given evidence that

the modern insect orders radiated from a common ancestor over 300 million years ago,

around the time that reptiles diverged from birds (Gaunt and Miles, 2002; Nobrega and

Pennacchio, 2004), it is not surprising that the insect ENS evolved to meet the feeding

requirements of animals with radically different lifestyles. Nevertheless, a common

organizational pattern can be readily discerned in the ENS of different insect species (see

also Snodgrass, 1935; Bickley, 1942; Penzlin, 1985).

As in vertebrates, the insect gut consists of foregut, midgut, and hindgut divisions with

corresponding specializations in their innervation. Most prominent is the ENS of the foregut,

which consists of interconnected ganglia, nerves, and stretch receptors that are distributed

across the gut musculature (Fig. 1A). In contrast, the midgut ENS generally lacks ganglia

but is formed by diffuse nerve plexuses that extend across the midgut musculature and often

contain distributed populations of enteric neurons. The hindgut ENS is primarily supplied by

the proctodeal and rectal nerves originating from the terminal ganglia of the CNS, which

give rise to a diffuse plexus that spans the pyloric region (between midgut and hindgut). In

many species, these nerves also contain a small number of neurosecretory cells (or

“epiproctodeal gland” cells; Evans, 1980; McCormick and Nichols, 1993; Lengyel and

Iwaki, 2002). Peptides released from these cells have myoinhibitory effects on the gut
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musculature but may also regulate hormonally driven behaviors (Davis et al., 2003), one of

several ways that the insect ENS contributes to endocrine functions. Input from the CNS

plays an important role in regulating feeding behavior and defecation (Chapman, 1982;

Eaton, 1985). Nevertheless, like the ENS of vertebrates, the insect ENS controls ingestion

and rhythmic peristalsis of the gut in a largely autonomous fashion (Penzlin, 1985; Miles

and Booker, 1994; Ayali, 2004; Zilberstein et al., 2004).

The primary ganglion on the foregut is the frontal ganglion (FG), positioned on the pharynx

just anterior to the brain (Fig. 1, red). This ganglion is usually unpaired, although in

Drosophila, its cells spread to form two hemi-ganglia (Fig. 1D). The frontal ganglion is

joined to the brain via the bilaterally paired frontal ganglion connectives (FGC), through

which a small number of CNS neurons project to the ENS (Penzlin, 1985). Anteriorly, the

frontal ganglion gives rise to nerves that innervate the pharynx, while posteriorly, the

recurrent nerve (RN) extends to the hypocerebral ganglion (HG, green), generally positioned

below the brain. In many species, the hypocerebral ganglion is also connected to the corpora

cardiaca (CC, yellow), the paired neurosecretory organs of the brain (part of the ring gland

in Drosophila). Like the adenohypophysis of vertebrates, these organs often arise from the

foregut epithelium, as described below.

From the hypocerebral ganglion, esophageal nerves traverse the foregut and connect with

additional ganglia whose organization varies markedly among different species. In the

tobacco hornworm Manduca sexta (Fig. 1B), a single esophageal nerve (EN) extends from

the hypocerebral ganglion to a branching nerve plexus that spans the foregut-midgut

boundary (Copenhaver and Taghert, 1989a). In the grasshopper Schistocerca americana

(Fig. 1C), two esophageal nerves extend to a pair of “ingluvial” ganglia (IG; blue) that then

connect with the midgut plexus (Ganfornina et al., 1996). An unusual example of

asymmetry is found in the fruitfly Drosophila melanogaster (Fig. 1D), where the recurrent

nerve branches before the hypocerebral ganglion. One branch connects with a diffuse

paraesophageal ganglion (PG; or “esophageal ganglion 1”) on the right, while the other

extends to the hypocerebral ganglion on the left (Hartenstein et al., 1994; González-Gaitán

and Jäckle, 1995). An esophageal nerve then extends from the hypocerebral ganglion to the

ventricular ganglion (VG; also called “esophageal ganglion 2”), while a second nerve from

the paraesophageal ganglion innervates the opposite side of the foregut. Despite this

structural diversity, the components of the foregut ENS in different species have similar

developmental origins, providing an intriguing example of evolutionary plasticity in the

refinement of neurogenic programs (summarized in the following section).

Unlike the insect foregut, the innervation of the midgut typically consists of gastric nerve

plexuses that extend across the visceral musculature. In Drosophila, this innervation is

surprisingly sparse: six nerves extend a short distance onto the anterior midgut before

terminally branching, leaving much of the midgut without direct innervation (Fig. 1D;

González-Gaitán and Jäckle, 1995). In contrast, the midgut of Manduca is innervated by an

elaborate nerve plexus (originally termed the “enteric plexus”; Copenhaver and Taghert,

1989a), containing several hundred neurons in its anterior regions that extend long axons to

innervate the rest of the midgut musculature (Fig. 1B). In grasshopper, the midgut enteric

neurons as well as their processes are distributed throughout the entire length of the midgut

plexus (Ganfornina et al., 1996). As summarized below, these populations differentiate via a

sequence of placode invagination, delamination, and migration that resembles the programs

of neurogenesis giving rise to the vertebrate PNS.
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2. Experimental strategies for studying ENS development in insects

Despite radical differences in the gross morphologies of invertebrates and vertebrate nervous

systems, it is now well established that many fundamental aspects of neural development

have remained evolutionarily conserved at both the cellular and molecular level (Goodman,

1996; Tessier-Lavigne and Goodman, 1996; Buss and Oppenheim, 2004; Pearson and Doe,

2004; Charron and Tessier-Lavigne, 2005). With respect to the developing ENS, insect

preparations offer several experimental advantages for investigating specific aspects of

neurogenesis, migration, and differentiation within an intact nervous system, permitting

mechanistic questions to be addressed in an in vivo context. In the case of Drosophila, the

most obvious advantage is the growing repertoire of genetic tools for analyzing the functions

of particular genes in specific cellular contexts. In particular, this approach has been used to

delineate the genetic basis of how the insect ENS is first patterned. Studies of this type have

also revealed an intriguing interplay between transcriptional regulatory genes and signal

transduction pathways that may regulate important aspects of vertebrate neurogenesis, as

well.

However, due to its small size and convoluted morphology, the ENS of Drosophila is not

particularly amenable to acute experimental manipulations within developing embryos. For

these types of studies, several larger species have proven valuable for investigating the

embryonic development of the ENS. In particular, the tobacco hornworm (Manduca sexta)

and grasshopper species (Schistocerca americana and Locusta migratoria) have been used

to delineate the cellular origins of the ENS, and to test the role of specific guidance cues,

receptors, and intracellular signaling molecules in controlling the migration and

differentiation of enteric neurons and glia. While in post-embryonic stages, these larger

insects rival juvenile mice in size (Fig. 2A), even as embryos they exceed the size of fully

grown Drosophila larvae (> 5 mm), facilitating investigations into the morphogenesis of the

ENS. Most notably, these larger preparations allow individual migratory cells within the

developing ENS to be labeled, imaged, and experimentally challenged within their normal

developmental context.

Morphological and histochemical analyses of the ENS can be performed in whole-mount

Since all of the components of the insect ENS arise superficially on the embryonic gut (Fig.

2B–F), a variety of methods can be used to visualize their development in minimally

dissected, whole-mount preparations, mitigating the need for more extreme dissections or

histological sectioning and reconstruction. By simply opening the dorsal body wall of

embryos before fixation, both mRNA distributions (via in situ hybridization histochemistry)

and protein expression patterns (via immunostaining) can be visualized in the intact ENS.

For example, Figure 2C shows a whole-mount preparation of the Manduca gut

immunostained for the adhesion receptor fasciclin II, revealing that both the migrating

enteric neurons (“ep”) and their muscle band pathways (“b”) on the gut surface express this

homophilic adhesion receptor (discussed in more detail below).

Manipulations of the developing ENS can be performed in cultured embryos

The robust nature of insect preparations has also permitted the establishment of intact and

semi-intact culture protocols for directly accessing the ENS within developing embryos

(Horgan et al., 1994; Ganfornina et al., 1996; Wright and Copenhaver, 2001; Haase and

Bicker, 2003). Because insect embryogenesis is both precisely regulated and temperature-

dependent, timetables of unambiguous markers can be used to stage embryos within 1% of

development, greatly facilitating the generation of synchronous groups of animals

(Copenhaver, 1993; Ganfornina et al., 1996; Horgan and Copenhaver, 1998; Haase and

Bicker, 2003). Epitope-tagged ligands and antibodies against cell surface receptors can be
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used to label embryos prior to fixation (Fig. 2D), providing accurate maps of bioavailable

proteins in the ENS at specific times during embryogenesis. Reagents designed to target

specific protein interactions (such as competing peptides and blocking antibodies) or

pharmacological compounds directed against intracellular signaling pathways can also be

applied directly to cells within the developing ENS (Horgan et al., 1994; Wright et al., 1998;

Wright et al., 1999; Haase and Bicker, 2003). In addition, cell-impermeable compounds

(including bioactive toxins and antisense oligonucleotides) have been successfully

introduced with selective permeabilizing agents to test the role of particular gene products in

the differentiation of enteric neurons and glia (Horgan et al., 1994; Wright and Copenhaver,

2000).

For more sophisticated analyses, intracellular injection techniques have been established that

permit compounds to be directly introduced into individual cells within the embryonic ENS,

while neighboring cells within the same preparation provide an ideal set of matched internal

controls. Labeled molecules and fluorescent dyes can be injected into enteric neurons or

glial precursors at specific developmental stages, followed by immunohistochemical

counterstaining to delineate their complete morphology (Fig. 2E). For functional assays of

candidate signaling pathways, cells can be injected in vivo with activated or inactivated

forms of a candidate molecule (or appropriate toxins) to test their effects on specific aspects

of neuronal migration and differentiation behavior (Horgan et al., 1995; Copenhaver et al.,

1996; Horgan and Copenhaver, 1998). Alternatively, a variety of recording techniques can

be used to monitor the electrophysiological activity and intracellular calcium dynamics of

individual neurons in vivo (e.g. Horgan and Copenhaver, 1998). To inhibit the expression of

a particular gene of interest, antisense oligonucleotides and double-stranded RNAs can be

injected into the different cell types associated with the developing ENS (Knittel et al.,

2005), while intracellular injections of synthetic RNAs can be used to induce ectopic gene

expression in a cell-specific manner (Fig. 2F). The unique features of the insect ENS thus

permit manipulations of a particular gene to be performed within individual cells at specific

phases of development, thereby avoiding the types of pleiotropic effects that often result

from more global expression methods.

Neuronal migration can be imaged within the developing ENS

Several groups have established methods for examining the behavior of insect enteric

neurons and glia in vivo. Live-cell staining with the membrane-permeable dye DiO has been

used to label the ENS of dissected grasshopper embryos, allowing the migration of

particular groups of neurons to be followed by time-lapse imaging (Haase and Bicker,

2003). We also recently adapted our intracellular injection protocols using fluorescent

dextrans to monitor the behavior of individual neurons in the ENS of Manduca, including

cells undergoing active migration (Fig. 2G panel i; Supplementary movie #S1), and neurons

transitioning from migration to axonal outgrowth (Fig. 2G, panel ii; Supplementary movie

#S2). Faster image-capture rates have also been used to visualize the filopodial dynamics of

migrating neurons (Fig. 2G, panel iii; Supplementary movie #S3). Besides revealing the

intrinsic behavior of enteric neurons at different times and locations within the ENS, these

protocols also provide a sensitive bioassay for quantifying the effects of a particular

manipulation on specific aspects of their motility and guidance—again, at the level of single

cells (Fig. 2H).

In summary, the accessibility of the insect ENS permits a range of methodologies to be

directly applied to neurons in semi-intact embryos, eliminating the need for more reduced

cell culture preparations. These approaches have been used to provide comprehensive views

of the normal sequence of development in these systems, and they can be exploited to

investigate how different components of the ENS are assembled. As summarized in the

following sections, many of the morphogenetic processes associated with the vertebrate PNS
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also occur in the insect ENS, highlighting the potential value of these simpler preparations

for deciphering the underlying molecular mechanisms that regulate them.

3. Neurogenesis in the insect ENS

Unlike the generation of neurons in the insect CNS, where most precursors delaminate as

individual cells and produce stereotyped lineages (Doe et al., 1985; Pearson and Doe, 2004;

Karcavich, 2005), the neurons and glia of the insect ENS arise via developmental programs

that resemble the epithelial-to-mesenchymal transitions associated with the vertebrate neural

crest and cranial sensory placodes. Early in embryogenesis, the embryonic foregut and

hindgut of insects originate as ectodermal invaginations named the stomodeum and

proctodeum, by direct analogy to the vertebrate gut (Poulson, 1950; Campos-Ortega and

Hartenstein, 1997). Anterior and posterior midgut primordia associated with the foregut and

hindgut then fuse to form the endodermal layer of the midgut, while visceral mesodermal

cells invest the gut with appropriate layers of circular and longitudinal muscle (Skaer, 1993;

Campos-Ortega and Hartenstein, 1997). As the foregut invaginates, midline cells within its

dorsal epithelium thicken and become columnar, forming the ENS anlage (Schoeller, 1964;

Hartenstein et al., 1994; Ganfornina et al., 1996). Three neurogenic zones then differentiate

within this primordium, which will give rise to the enteric ganglia and nerves of the foregut

(Fig. 3).

Two distinct “programs of neurogenesis” can be distinguished in the developing ENS that

correspond to the organization of the neurons and glia they produce. Many of the cells that

form the enteric ganglia emerge from the neurogenic zones via sequential delamination,

while placode invagination generates groups of neurons that can rapidly disperse to form

more diffusely organized nerve plexuses. Species-specific differences in the utilization of

these two modes of neurogenesis give rise to the morphological variations seen in the ENS.

However, the control of these two neurogenic programs involves closely similar genetic

mechanisms, suggesting that subtle variations in the regulation of epithelial-to-mesenchymal

transitions underlie the evolutionary plasticity manifested in the development of the insect

ENS.

In the larger embryos of Lepidopteran and Orthopteran species, the two neurogenic

programs are separated both temporally and spatially (Copenhaver and Taghert, 1991;

Ganfornina et al., 1996). Sequential delamination of neuronal precursors from three

neurogenic zones (Z1, Z2, & Z3) first gives rise to the ganglia and nerves of the foregut

(Figs. 3A–E, 4A–C). Cells within each zone expand apically while contracting basally (Figs.

3A, 4A), forming rosettes of cells that correspond to the “clear zones” originally described

by Baden (1936). A series of individual precursors then delaminate from each zone,

emerging as streams of cells that migrate anteriorly to form the frontal and hypocerebral

ganglia (Figs. 3B–F, 4B–D). Each zone-derived cell becomes mitotically quiescent as it

undergoes an epithelial-to-mesenchymal transition, but then typically undergoes one or two

rounds of additional divisions as it begins to migrate, giving rise to post-mitotic neurons. In

this regard, these zone-derived precursors resemble the midline precursors of the insect

CNS, which also typically divide once after they delaminate before differentiating (Klämbt

and Goodman, 1991). At the same time, the primary neurites of these cells begin to pioneer

the tracts that will eventually form the nerves of the foregut (Fig. 4D). Towards the end of

this neurogenic sequence, the remaining cells of each zone emerge as a group; first zone 3,

then zone 2, and then zone 1 cells ingress onto the foregut as clusters (Figs. 3, 4).

Interestingly, these last waves of cells provide glial precursors that continue to proliferate as

they migrate along the pathways formed by the enteric neurons, ensheathing the nerves and

ganglia of the ENS (Copenhaver, 1993).
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As this period of sequential delamination is ending in Manduca, a second program of

neurogenesis commences via placode invagination (Copenhaver and Taghert, 1990). Once

all of the zone 3 cells have delaminated, a new neurogenic placode forms in the posterior

foregut epithelium, adjacent to the foregut-midgut boundary (EP; Figs. 3C, 4B, 4F). The

cells of this placode then invaginate en masse to form a tight packet of immature neurons on

the foregut surface (Figs. 3D–F, 4G–I). Unlike the earlier waves of precursors that arise by

delamination, these placode-derived neurons (“EP” cells) become post-mitotic as they lose

their epithelial organization (Copenhaver and Taghert, 1990). As described below, the EP

cells subsequently disperse via two phases of migration, first spreading bilaterally around

the foregut and then migrating rapidly onto the midgut (Fig. 4J–K). Small contingents of

these neurons also occupy scattered positions across the posterior foregut, perhaps

functionally replacing the ventricular/ingluvial ganglia found in other species (Fig. 1B).

A variation on this dual program of neurogenesis occurs in the grasshopper ENS

(Ganfornina et al., 1996). As in Manduca, three neurogenic zones within the foregut

epithelium give rise to streams of precursors that migrate anteriorly to form the frontal and

hypocerebral ganglia, while a smaller subset migrates bilaterally to form the paired ingluvial

ganglia (Fig. 1C). Towards the end of this period of sequential delamination, a second phase

of neurogenesis commences with an expansion of the third neurogenic zone. However,

rather than invaginating as a coherent placode, the cells of this region undergo a rapid period

of ingression, giving rise to a distinct population of precursors, which become post-mitotic

soon after they emerge onto the foregut. Like the EP cells of Manduca, this new population

subsequently undergoes two phases of migration, ultimately forming the midgut enteric

plexus (summarized below; see Fig. 6).

In Drosophila, the formation of the ENS is compressed both temporally and spatially, with a

concomitant overlap in the two programs of neurogenesis (Fig. 3G–L; after Hartenstein et

al., 1996). As in larger species, the formation of the Drosophila ENS commences with the

appearance of a neurogenic primordium in the foregut epithelium (Schoeller, 1964; Campos-

Ortega and Hartenstein, 1997). Three neurogenic centers then coalesce within this

primordium, equivalent to the distinct neurogenic zones of other species. Once formed, these

centers generate an initial wave of delaminating neural precursors named “dSNSPs” (for

delaminating stomatogastric nervous system precursors; Hartenstein et al., 1994). The newly

delaminated dSNSPs then migrate anteriorly to help form the frontal ganglion and its nerves

(Fig. 3G–J), and the cycle is repeated. However, as the second wave of cells begins to

delaminate (called “tSNSPs” for tip cell SNSPs; Fig. 3H), the three neurogenic centers also

begin to invaginate, each with a tSNSP at its apical tip (Fig. 3I). These three invaginations

then rapidly bud off to form epithelial vesicles on the foregut surface (Fig. 3J), akin to the

invagination of the EP cell packet in Manduca. Besides foreshadowing the positions at

which these vesicles emerge, the initial waves of dSNSPs and tSNSPs may actively define

the invagination centers by altering the mechanical stability of the epithelium and by

releasing signals that promote these morphogenetic movements (Hartenstein, 1997;

González-Gaitán and Jäckle, 2000; and discussed below). Only subsequently do the three

epithelial vesicles disperse, extruding streams of cells called “iSNSPs” (for invaginating

SNSPs) that form the rest of the ganglia and nerves of the ENS (Fig. 3K–L).

As seen in larger insects, the precursors that arise by sequential delamination in Drosophila

(dSNSPs and tSNSPs) may divide once or twice during their initial migration before they

differentiate. In contrast, neurons derived by placode invagination become post-mitotic as

they lose their epithelial organization and tend to assume more variable distributions

(Hartenstein et al., 1994; Hartenstein, 1997). These two neurogenic programs may therefore

affect both the developmental potential of the cells that they produce and the morphogenesis

of different structural features in the ENS. Precursors that delaminate individually tend to
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produce neurons that are recruited into the enteric ganglia in an orderly sequence, where

many assume unique fates (Copenhaver, 1993; Miles and Booker, 1994; Miles and Booker,

1998). As in the CNS, the identity of some of the neurons derived by this process may be

specified entirely by their lineage, but variability in the patterns of migration and assembly

suggests that local interactions may also regulate their ultimate fates (Copenhaver and

Taghert, 1991; Hartenstein et al., 1994; Ganfornina et al., 1996). In contrast, placode

invagination tends to produce large groups of migratory cells that form more diffuse

plexuses, and the differentiation of these populations appears to be regulated by

environmental as well as lineage-derived cues. This second strategy may therefore provide a

means of rapidly assembling simple neural networks (Ganfornina et al., 1996; Hartenstein,

1997).

Although not functionally part of the ENS, the intrinsic cells of the corpora cardiaca also

emerge from neurogenic placodes in the lateral stomodeum of larger insects (Fig. 4E),

whereupon they migrate off the foregut and become associated with nerves from the brain

(Baden, 1936; Schoeller, 1964; Copenhaver and Taghert, 1991). The position and

neurosecretory function of these organs is clearly analogous to that of the adenohypophysis

in mammals (Rathke, 1838; Clynen et al., 2001; Kouki et al., 2001), and it is intriguing that

both structures originate from placodes in the stomodeal ectoderm. By contrast, corpora

cardiaca cells in Drosophila (which form part of the ring gland of the brain) segregate from

the ectoderm before the foregut invaginates (De Velasco et al., 2004), similar to the

segregation of adenohypophyseal precursors in zebrafish before invagination of the

stomodeum (Herzog et al., 2003). Given recent evidence that similar regulatory genes

control the development of the insect corpora cardiaca and vertebrate pituitary, these parallel

variations in their morphogenesis support the proposal that the elements of a primordial

neuroendocrine system were established early in the evolution of a common bilateral

ancestor (De Velasco et al., 2004).

4. Genetic control of neurogenesis in the insect ENS

A cascade of pattern organizer genes establish the positions of neurogenic zones

Meticulous studies by the Hartenstein and Jäckle laboratories have characterized the

transcription factors and signaling molecules that establish the positions of the neurogenic

zones within the stomodeum of Drosophila (González-Gaitán and Jäckle, 1995; Hartenstein

et al., 1996; Dumstrei et al., 2002). As summarized in Hartenstein (1997), maternally

derived torso, bicoid, and dorsal combine to drive the expression of huckebein and fork

head (related to the FOX transcription factor family) throughout the stomodeum (Fig. 5A).

Subsequently, the expression of several evolutionarily conserved regulatory genes, including

Krüppel and members of the proneural Achaete-scute complex (As-C), delineate the ENS

primordium within the stomodeum (shaded epithelium, Fig. 5A).

But how are discrete neurogenic zones within the ENS primordium actually specified? Work

by González-Gaitán and Jäckle (1995) showed that the morphogen Wingless (Wg; the fly

Wnt homologue) may play a role in this process. Mutations affecting the Wg signaling

pathway resulted in the formation of only a single invagination center rather than three,

suggesting that Wg signaling may control the range of Notch-dependent interactions that

delimit the neurogenic zones (Fig. 5B). Alternatively, Wg signaling might only be required

for the formation of two of the three zones, while one of the zones arises in a Wg-

independent manner. This effect was originally proposed to be due to Wg-dependent

regulation of armadillo/β-catenin, which in turn would modulate cadherin-dependent cell

adhesion within the developing ENS (González-Gaitán and Jäckle, 1995). Subsequent

studies argued against such a direct effect of Wg signaling on cell adhesion, due in part to

the functional separation of β-catenin pools involved in Wg signaling versus cadherin-
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mediated interactions (Peifer et al., 1994; Dumstrei et al., 2002). Nevertheless, Wg/Wnt

signaling can regulate cadherin-dependent adhesion by a variety of indirect pathways

(Willert and Jones, 2006); conversely, Notch may inhibit Wg signaling via association with

either disheveled or Axin, both of which regulate β-catenin levels (Axelrod et al., 1996;

Hayward et al., 2006). How these types of interactions between the Wg and Notch signaling

pathways help define neurogenic zones in the developing ENS remains enigmatic.

Other investigations have shown that the Drosophila homologue of the Epidermal Growth

Factor Receptor (EGFR) is also essential for the initial formation of the ENS primordium

(Fig. 5A). During gastrulation, normal EGFR signaling is required to prevent widespread

apoptosis in the ENS anlage, similar to its actions in other developing midline structures

within the head (Dumstrei et al., 1998). Studies on the differentiation of midline glia have

shown that locally released EGFR ligands such as the TGFα-related protein Spitz suppress

the activity of pro-apoptotic genes, providing a model for how trophic signals may regulate

developmental cell death (Bergmann et al., 2002). EGFR signaling has also been shown to

antagonize Notch-dependent transcription via several distinct mechanisms (Rohrbaugh et al.,

2002; Voas and Rebay, 2004; Hasson et al., 2005), an interaction that plays an important

role in regulating epithelial-mesenchymal transitions during later stages of neurogenesis in

the ENS (summarized below). However, both Wg signaling and EGFR signaling can be

detected uniformly throughout the ENS anlage during its initial formation (González-Gaitán

and Jäckle, 1995; Dumstrei et al., 1998), so other patterning genes must restrict their effects

to particular subdomains within the foregut epithelium. One of these genes is the homeobox

gene D-goosecoid (Fig. 5A, yellow field), which is required for the formation of the most

anterior neurogenic zone in the ENS (Hahn and Jäckle, 1996). Whether additional

homeobox genes play similar roles in defining the more posterior zones remains to be

determined.

A balance between proneural genes and neurogenic genes regulates the neurogenic
programs of the ENS

As illustrated in Figure 5, all of the cells within the ENS primordium initially express a

combination of proneural genes and neurogenic genes (González-Gaitán and Jäckle, 1995;

Hartenstein et al., 1996). Given the conserved role of these two gene classes in regulating

neurogenesis in both invertebrates and vertebrates (Anderson, 1999; Cau et al., 2002;

Cornell and Eisen, 2005), it is not surprising that they are also essential to the differentiation

of insect ENS. More unusual is the discovery that modulation of the normal inhibitory

feedback interactions between proneural and neurogenic genes helps delineate the three

neurogenic zones in the foregut epithelium, and also helps control the different neurogenic

programs by which enteric neurons and glia are generated.

In the insect CNS, proneural gene expression becomes restricted to small clusters of cells

within the neurectoderm, rendering these cells competent to form neuroblasts. Lateral

inhibition by the neurogenic genes then rapidly restricts proneural gene expression to a

single cell within each cluster, which subsequently delaminates and assumes a unique stem

cell fate (Artavanis-Tsakonas et al., 1995; Wodarz and Huttner, 2003; Lai, 2004). A similar

mechanism helps regulate the neurogenic program of sequential delamination in the

developing ENS (Fig. 5C, D; after González-Gaitán and Jäckle, 1995; Hartenstein et al.,

1996). Initially, all of the cells within each neurogenic zone simultaneously express a

combination of neurogenic genes and members of the Achaete-scute Complex (As-C) of

proneural genes, including achaete (ac), scute (sc), and lethal of scute (l’sc). Soon

thereafter, lateral inhibition mediated by the neurogenic genes Notch (N), Delta (Dl), and

Enhancer of split (E(spl)) down-regulates the As-C proneural genes in all but one of the

cells in each zone, which in turn upregulates a subset of As-C genes as it delaminates (Fig.

5E).
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Each delaminated cell subsequently expresses the proneural gene Asense (ase; Fig. 5F),

which may help restrict its subsequent mitotic activity and promote its differentiation

(Wallace et al., 2000). Newly delaminated cells also begin to express cell adhesion receptors

like fasciclin II (Fas II; an orthologue of vertebrate NCAM), which play a prominent role in

their subsequent migration (discussed below). Concurrently, the remaining epithelial cells

within each zone re-acquire a balance of proneural and neurogenic gene expression (Fig.

5F), and the cycle of delamination is repeated. As noted above, the first wave of delaminated

cells in Drosophila gives rise to the dSNSPs, while the second wave generates the tSNSPs

(Fig. 3G–J). Loss-of-function mutations in the proneural genes reduce or eliminate the

delamination of these precursors, as do gain-of-function mutations in the neurogenic genes.

In contrast, loss-of-function mutations in the neurogenic genes results in the persistent

expression of the proneural genes throughout the zones and a dramatic increase in the

number of delaminating precursors. Thus, the neurogenic program of sequential

delamination in the ENS resembles neurogenesis in the CNS: proneural genes render all of

the zone cells competent to become neural precursors, while lateral inhibition by the

neurogenic genes restricts the number of cells that can actually delaminate at any particular

time (Hartenstein et al., 1996).

Still unanswered is how a single delaminating precursor can modulate proneural gene

expression throughout the entire zone from which it emerges (Fig. 5E). One possible

mechanism might involve Scabrous, a secreted glycoprotein that may help stabilize Notch in

the membrane or prevent its inactivation, thereby extending the range of Notch signaling

(Powell et al., 2001; Li et al., 2003). Scabrous-Notch interactions have been shown to

sharpen the boundaries between proneural clusters in the developing eye (Powell et al.,

2001) and regulate the spacing of sensory organ precursors (Renaud and Simpson, 2002).

The scabrous gene also appears to be expressed within the newly formed ENS anlage

(Mlodzik et al., 1990; Graba et al., 1992), but its potential role in establishing the neurogenic

zones during subsequent development has yet to be investigated.

However, a markedly different relationship between proneural and neurogenic genes is

required for placode invagination. While the tSNSPs increase their expression of ac as they

delaminate onto the foregut, the remaining cells within each zone continue to express other

proneural genes (including l’sc and sc) as well as the neurogenic genes (Fig. 5G). This

pattern of coordinated gene expression persists within the zones for the next several hours,

during which the cells invaginate as a group to form epithelial vesicles (Fig. 3J; González-

Gaitán and Jäckle, 1995; Hartenstein et al., 1996). A loss of neurogenic gene function results

in the premature, unorganized dispersal of the vesicles, while gain-of-function mutations (or

a loss of proneural gene function) inhibits both the invagination of the vesicles and their

subsequent dissociation. In this context, the normal inhibitory feedback by the neurogenic

genes on proneural gene expression must be pre-empted, allowing all of the cells in each

vesicle to retain their neurogenic potential while also maintaining their epithelial

organization. This process, described as mutual inhibition (Hartenstein et al., 1996), is

perhaps related to other instances where Notch signaling promotes the formation of sharply

defined groups of cells with similar fates, which has been called lateral induction (de Celis

and Bray, 1997; Portin, 2002; Daudet and Lewis, 2005). Only after the vesicles have

invaginated do they begin to disperse as post-mitotic cells, producing iSNSPs (Fig. 5I). As

with zone-derived precursors that delaminate individually, cells that have emerged via

placode invagination also commence the expression of ase and Fas II as they lose their

epithelial organization, consistent with their acquisition of a post-mitotic neuronal identity.

Thus, the interplay between proneural and neurogenic genes regulates whether cells within

the ENS primordium assume an epithelial or mesenchymal organization, while subtle

modifications in the balance between the two gene classes can produce remarkably different
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morphological rearrangements: delamination of individual cells, invagination of epithelial

placodes, or their dissociation into populations of cells with similar fates. The same

modulated pattern of gene regulation has been demonstrated in progenitor clusters giving

rise to medial parts of the brain, optic lobes, and the larval eye (Dumstrei et al., 1998), and

in the generation of clustered chordotonal sense organs (zur Lage and Jarman, 1999). In all

of these regions, the prolonged co-expression of proneural and neurogenic genes maintains

invaginating cell groups in an epithelial state for many hours before they dissociate, a

sequence that is critical to their subsequent differentiation. Indeed, the regulation of

epithelial-to-mesenchymal transitions by the neurogenic genes has been proposed to be a

basic determinant of cell fate in many ectodermal and endodermal tissues (Hartenstein et al.,

1992; Hartenstein et al., 1996; Dumstrei et al., 1998). Slight alterations in the balance

between proneural and neurogenic genes might therefore provide a finely tuned mechanism

for producing the diverse morphological features found in the developing ENS of different

insect species. Vertebrate homologues of the neurogenic genes have similarly been

implicated in the control of epithelial-to-mesenchymal transitions within the neural crest and

cranial sensory placodes (Lewis, 1998; Anderson, 1999; Streit, 2004; Daudet and Lewis,

2005), although different experimental models have yielded disparate results regarding the

contribution of these genes to neuronal differentiation (reviewed in Cornell and Eisen,

2005).

EGF receptor signaling plays a critical role in the morphogenesis of the ENS

Besides dynamic interactions between the proneural and neurogenic genes, EGFR signaling

is also essential for the normal sequence of neurogenesis in the developing ENS (Dumstrei

et al., 1998; González-Gaitán and Jäckle, 2000). Elegant work by Hartenstein et al. showed

that local activation of the EGFR ligand Spitz by the rhomboid gene occurs specifically at

the positions of the three neurogenic zones (Fig. 5G). EGFR signaling subsequently induces

the invagination of these cell groups as neurogenic placodes, in part by down-regulating

cadherin-mediated adhesion (Fig. 5H; Tepass et al., 1996; Dumstrei et al., 1998).

Overactivation of EGFR signaling increases the number of invaginating cells and results in

ENS hyperplasia, while inhibition of EGFR signaling eliminates placode invagination and

results in a substantial increase in cell death. Localized EGFR signaling may be further

enhanced by the secretion of Spitz from the tSNSPs after they delaminate from the

neurogenic zones (Fig. 5G), helping to specify the sites of vesicle invagination (González-

Gaitán and Jäckle, 2000). This pattern of EGFR signaling also regulates the morphogenesis

of other midline components within the fly nervous system in a similar manner. In the

developing optic placode, for example, direct interactions between the EGFR and cadherin-

catenin complexes may modulate adhesion via the phosphorylation of armadillo/β-catenin,

promoting the epithelial rearrangements required for normal eye development (Dumstrei et

al., 2002).

The regulation of cadherin-mediated adhesion by EGFR signaling may therefore be a

common mechanism for controlling epithelial-to-mesenchymal transitions by groups of cells

that differentiate in a coherent manner. A similar mechanism has been demonstrated in

vertebrate cell culture, where EGFR activation was shown both to phosphorylate β-catenin

and to modulate cadherin expression (Huber et al., 2005). In the developing neural crest,

regulation of cadherin expression by Snail family transcription factors plays an important

role in initiating epithelial-to-mesenchymal transitions (Huang and Saint-Jeannet, 2004;

Morales et al., 2005), while a variety of growth factors has also been shown to regulate

cadherin-mediated adhesion (Pla et al., 2001). Whether receptor tyrosine kinases like the

EGFR also induce more rapid alterations in cadher-independent adhesion remains to be

determined.
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How does EGFR signaling affect the balance of proneural and neurogenic genes to promote

delamination versus invagination? Besides altering local adhesive interactions, EGFR

signaling may also interrupt the normal inhibitory feedback between neurogenic genes and

proneural genes, allowing all of the cells within a neurogenic group to remain neurally

competent while undergoing morphogenetic rearrangements (Fig. 5H). In other contexts, the

Notch and EGFR pathways have been shown to interact both antagonistically and

synergistically. For example, Notch signaling can inhibit the production of EGFR ligands,

while EGFR activation can stimulate Delta expression and promote Notch signaling

(reviewed in Voas and Rebay, 2004; Doroquez and Rebay, 2006). During the segregation of

chordotonal organ clusters in Drosophila, EGFR activation can also apparently countermand

the repression of proneural gene expression by E(spl), thereby allowing proneural and

neurogenic gene expression to be maintained in the same cell (zur Lage and Jarman, 1999).

More recently, EGFR signaling has been shown to antagonize E(Spl) by compromising the

activity of an essential co-repressor, Groucho (Hasson et al., 2005). Both of these effects

would preclude the down-regulation of proneural genes by Notch activation without

inhibiting neurogenic gene expression per se, as originally postulated by Dumstrei et al.

(1998).

Within the neurogenic zones of the insect ENS, EGFR signaling may therefore modulate

both cadherin-dependent aspects of epithelial morphogenesis and the process of lateral

inhibition, allowing all of the cells within each placode to differentiate as neurons (Fig. 5H).

At the same time, persistent levels of Notch signaling may restrict the expression of EGFR

ligands like Spitz to the neurogenic zones. This model is also consistent with the proposal

that EGFR signaling may adjust the range of Notch-dependent lateral inhibition within a

neurogenic zone, possibly acting in conjunction with Wg signaling to regulate local adhesive

interactions (Fig. 5B; González-Gaitán and Jäckle, 1995; González-Gaitán and Jäckle,

2000). In this manner, interactions between EGFR and Notch signaling may simultaneously

regulate cell fate decisions within the neurogenic placodes and the morphogenetic

rearrangements required for their differentiation (Dumstrei et al., 2002).

5. Cell migration is critical to the formation of the insect ENS

Whereas directed cell migration plays a prominent role in the developing nervous systems of

vertebrates, most newly generated neurons and glial cells in insects undergo only limited

movements and typically begin to differentiate soon after they are born (Heathcote, 1981;

Doe et al., 1986; Klämbt et al., 1991; Edenfeld et al., 2005). In contrast, the development of

the insect ENS involves extensive phases of neuronal and glial migration that are critical for

the innervation of the gut, and many of these cells delay their differentiation until after

migration is complete. As already noted, the foregut components of the ENS are formed by

the migration and assembly of cells that emerge from the neurogenic zones. However, the

most dramatic examples of neuronal migration occur during the formation of the midgut

enteric plexuses of larger insects, providing useful preparations for investigating the

mechanisms by which neurons select and follow particular migratory pathways in vivo.

In Manduca, the migratory sequence giving rise to the midgut enteric plexus begins with the

en masse invagination of the EP cells from the foregut epithelium, as noted above (Figs. 3,

4F–I). This neurogenic sequence results in a tight packet of post-mitotic but undifferentiated

neurons on the dorsal surface of the foregut (Fig. 4F–I), which then disperses via two

distinct phases of migration (Copenhaver and Taghert, 1989b). Initially, the packet spreads

bilaterally to form a ring of cells around the foregut (Figs. 4J, 6A–B); at the same time,

subsets of longitudinal muscle cells on the midgut coalesce into eight distinct muscle bands

(shaded cells in Fig. 6A–D). Most of the EP cells then disperse rapidly along these muscle

bands to form the midgut plexus, while smaller subsets travel laterally onto radial muscles

Copenhaver Page 12

Dev Dyn. Author manuscript; available in PMC 2011 May 18.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



on the foregut (Figs. 4K, 6C–D; see Supplementary movie #S1). While the positions of the

eight band pathways on the midgut is highly predicable, individual neurons select their

migratory route in a probabilistic manner, based on their proximity to a particular band and

by interactions among neighboring neurons (Copenhaver and Taghert, 1989a, b).

The EP cells travel up to 250 µm in 6–8 hours (~30–40 µm/hr) and then transition from

migration to axonal outgrowth (Supplementary movie #S2). Consequently, the neurons

occupy only the anterior portion of the midgut plexus, while their axons and terminal

branches provide diffuse innervation to the rest of the midgut musculature (Figs. 1B, 6D).

The EP cells also delay their differentiation until their migration is complete, and then

acquire a variety of phenotypes that are regulated in part by their final positions on the gut

(Copenhaver and Taghert, 1989a; Copenhaver et al., 1996). This developmental sequence of

directed migration and delayed differentiation shares a number of general features with the

formation of the vertebrate ENS, in which enteric neural crest-derived cells (ENCCs)

migrate substantial distances to form the nerve plexuses of the gut while delaying their

terminal differentiation until migration is largely complete (Gershon et al., 1993; Gershon,

1997; Burns, 2005). Unlike the ENCCs, which continue to proliferate throughout much of

their migration, the EP cells in Manduca migrate as post-mitotic but undifferentiated neural

precursors. In contrast, a trailing set of proliferating glial cells then migrates down the newly

formed branches of the enteric plexus, ensheathing the newly dispersed populations of

neurons (Copenhaver, 1993; pink cells in Fig. 6A–D). As noted above, these glial precursors

are among the last cells to emerge from the neurogenic zones of the foregut, but they delay

their subsequent proliferation and differentiation until after the EP cells have begun to

migrate.

A similar developmental sequence gives rise to the midgut enteric plexus in grasshoppers,

although with interesting variations (Ganfornina et al., 1996). As noted above, after the three

neurogenic zones have produced the ganglia and nerves of the foregut, a second round of

neurogenesis generates a distinct population of neurons that will populate the midgut (Fig.

6E–H; purple cells). Like the EP cells of Manduca, the cells produced during this second

neurogenic phase become post-mitotic as they leave the foregut epithelium but remain

undifferentiated as they spread bilaterally, accumulating near the ingluvial ganglia on either

side of the foregut (Fig. 6E–F). Subsequently, they commence an extended phase of

migration, forming four columns of neurons that eventually span the entire length of the

midgut (Figs. 1C, 6G–H). During this process, they establish the major branches of the

midgut enteric plexus, while their terminal processes innervate the lateral musculature. As in

Manduca, these migratory neurons follow predictable trajectories along the gut; however, a

distinct set of muscle bands do not form in this species, and the cues that establish migratory

pathways on the grasshopper midgut are less well understood. Although these migratory

neurons are generated by ingression rather than by the coherent invagination of a placode,

they otherwise resemble the EP cells of Manduca, suggesting that a common developmental

program underlies the formation of the midgut plexuses in both species. Surprisingly,

Drosophila lacks this additional phase of neurogenesis and migration and never forms a

midgut plexus (Fig. 1D; Hartenstein et al., 1994; González-Gaitán and Jäckle, 1995),

perhaps reflecting the relatively small size and accelerated development of this species

compared to larger insects.

Neuronal migration is precisely guided in the insect ENS

Using cultured embryos, we have investigated the control of EP cell behavior in vivo by a

variety of methods (Fig. 2; Horgan et al., 1995; Copenhaver et al., 1996; Horgan and

Copenhaver, 1998). During their initial phase of circumferential migration around the

foregut, the neurons extend short, exploratory filopodia but remain closely aligned with the

foregut-midgut boundary, and their dispersal onto the midgut is delayed until the muscle

Copenhaver Page 13

Dev Dyn. Author manuscript; available in PMC 2011 May 18.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



bands have condensed. Once they begin to migrate onto the midgut, the neurons actively

continue to select their migratory route: filopodia that they extend onto the adjacent

interband muscles are rapidly retracted, while those extended along their chosen band

pathway are retained, helping to form their leading processes (Fig. 2E & G, and

Supplementary movies S1 & S3). At the onset of migration, the leading groups of EP cells

resemble neurons undergoing chain migration (Lois et al., 1996; Wichterle et al., 1997;

Anderson et al., 2006), during which individual neurons crawl over one another in an

apparently stochastic manner. As they continue to disperse, however, the cells become

increasingly scattered along the length of the gut, during which individual cells (or small

clusters) can migrate substantial distances in advance of the trailing population.

Using surgical manipulations of the developing ENS, we showed that the eight midgut

muscle bands are both sufficient and necessary to promote neuronal migration (Copenhaver

et al., 1996). When a particular band was removed before the onset of migration, neurons

that had aligned with the ablated band could course-correct onto a nearby band but never

migrated onto the adjacent interband musculature. Conversely, when EP cells were

transplanted onto the posterior regions of a host midgut, the neurons grew out along the

muscle bands but again avoided the interband regions. Thus, the eight muscle bands act as

equivalent pathways that promote migration, while strong repellent cues associated with the

interband muscles inhibit migration onto these inappropriate domains. What are the

guidance cues that specify the muscle bands as pathways for neuronal migration? How does

the distribution of a particular cue alter migratory behavior? And how does the control of

migration in the insect ENS pertain to similar events in vertebrates? Although these

questions have been only partially explored, a variety of studies have shown the control of

migration in these simple preparations involves evolutionarily conserved families of

guidance factors and signal transduction molecules that also help regulate neuronal guidance

in more complex systems, as summarized below.

Cell adhesion receptors define the migratory pathways

Among the guidance cues identified in the ENS of Manduca, members of the

immunoglobulin (Ig) superfamily of adhesion receptors play a prominent role in controlling

EP cell migration and outgrowth. In particular, the coordinated expression of Fas II by both

the neurons and their muscle band pathways (Fig. 2C) is required for normal migration to

occur. Like its vertebrate orthologues NCAM and OCAM, Fas II acts as a homophilic

receptor that is expressed as multiple isoforms, including a glycosylphosphatidylinositol

(GPI)-linked form and at least two transmembrane (TM) isoforms (Snow et al., 1988;

Grenningloh et al., 1991; Wright et al., 1999). Notably, different Fas II isoforms are

expressed by the EP cells at specific times during development and regulate distinct aspects

of their behavior. Initially. during placode invagination, the EP cells express GPI-Fas II,

suggesting that this isoform may participate in the segregation of neurons from the adjacent

epithelium (Fig. 4F–H). Once emerged onto the foregut, the EP cells continue to express

GPI-Fas II as they migrate circumferentially around the foregut (Fig. 4I–J). This pattern of

expression is unusual, as most growing neurons express only transmembrane forms of Fas II

(Wright and Copenhaver, 2001). When GPI-Fas II expression was inhibited in the EP cells

during this period, they were still able to spread around the gut, but they became

increasingly disorganized and failed to align with the muscle bands on the midgut. GPI-Fas

II-dependent interactions therefore help maintain cell-cell contacts within the packet of

undifferentiated neurons, which in turn helps position them correctly for their next phase of

development (Wright et al., 1999; Wright and Copenhaver, 2000).

Shortly before the onset of migration onto the midgut, the EP cells rapidly eliminate GPI-

Fas II expression and begin to express TM-Fas II. At the same time, the muscle bands also

begin to express TM-Fas II, a pattern that is maintained throughout the subsequent
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migratory period (Figs. 2C, 2E, 4K; Wright and Copenhaver, 2000). When we used blocking

antibodies or synthetic fragments of Fas II to interfere with Fas II-dependent interactions,

EP cell migration onto the muscle bands was consistently inhibited, although these

treatments did not induce ectopic migration onto the adjacent interband regions (Wright et

al., 1999). A similar effect was seen when we blocked TM-Fas II expression in the

developing ENS with antisense oligonucleotides (Wright and Copenhaver, 2000). Recently,

we extended this analysis to the single cell level, using intracellular injections of morpholino

antisense probes against Fas II. Down-regulating Fas II expression in individual EP cells

inhibited their migration without affecting the behavior of neighboring neurons. Conversely,

injecting Fas II-specific morpholinos into muscle band cells caused neurons that had aligned

with that band to stall and defasciculate, while neurons on adjacent muscle bands were

unaffected (Knittel et al., 2005; and unpublished data). These results indicate that Fas II-

dependent interactions are indeed necessary for the correct migration of individual neurons

in the ENS. Our results also provide an example of how isoform switching by a specific Ig-

family adhesion receptor may regulate distinct aspects of neuronal development, as has also

recently been proposed for NCAM (Polo-Prada et al., 2004). With the establishment of

methods to induce ectopic gene expression in individual cells within the developing ENS

(Fig. 2F), we can now test whether Fas II is sufficient to promote migration into regions that

normally repel the EP cells, such as the interband domains of the midgut (Fig. 2C).

Several other aspects of Fas II-dependent migration still need to be determined. Too much

adhesion can be just as inhibitory to outgrowth as insufficient adhesion. Both receptor

turnover and antagonism by other guidance cues have been shown to regulate Fas II-

dependent interactions in other contexts (Lin et al., 1994; Davis et al., 1997; Winberg et al.,

1998; Yu et al., 2000), but whether these mechanisms also modulate the behavior of the EP

cells remains to be explored. In the vertebrate ENS, NCAM is expressed both by migrating

ENCCs and by the enteric mesenchyme through which they travel, and recent studies have

shown that transient polysialylation of NCAM (a modification known to decrease NCAM-

dependent adhesion) promotes the remodeling of migratory cell groups into presumptive

ganglia (Faure et al., 2007). Insect adhesion receptors like Fas II may be preferentially

fucosylated in the nervous system (Rendic´ et al., 2006), but the role of post-translational

modifications in controlling Fas II-dependent aspects of neuronal motility have yet to be

explored. Equally important are the signal transduction pathways that may be activated by

Fas II. During the growth of neuromuscular junctions, both cAMP-mediated and Ras1/MAP

kinase-mediated signaling can modulate Fas II-dependent adhesion (Davis et al., 1996;

Schuster et al., 1996), but pharmacological manipulations of these pathways in the

developing ENS of Manduca did not perturb EP cell migration (unpublished data). The PDZ

protein Discs-Large (Dlg) also mediates interactions between Fas II and other proteins at

developing synapses (Thomas et al., 1997; Zito et al., 1997), but Dlg is not expressed by the

EP cells until after migration is complete. In contrast, we recently identified Manduca

Rasputin as a candidate RhoGAP-binding protein that interacts with Fas II and is expressed

by the EP cells during their migration (Copenhaver et al., 2006; and unpublished data),

suggesting that Fas II may associate with distinct adapter and signaling cassettes at different

stages and locations within developing neurons.

Lastly, Fas II is certainly not the only guidance receptor in the insect ENS. In Manduca,

Neuroglian (the insect orthologue of vertebrate L1CAM; Bieber et al., 1989) is also

expressed by the muscle bands but only at the end of the migratory period, when it may

guide axonal outgrowth (Fig. 2D; Wright et al., 1999). By comparison, adhesive interactions

mediated by L1CAM have been shown to promote the chain migration of ENCCs in the

developing mouse ENS (Anderson et al., 2006). In grasshoppers, migratory enteric neurons

have also been shown to express other candidate guidance cues, including Fasciclin I,

Semaphorin 1, and Lazarillo (Ganfornina et al., 1996), although their contribution to the
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migratory process have not been examined. Most challenging will be to determine how

individual neurons interpret input from multiple guidance receptors in choosing a correct

migratory pathway, an issue that pertains to the guidance of migrating cells in the vertebrate

ENS, as well (Newgreen and Young, 2002a; Heuckeroth, 2003; Young et al., 2004a).

Ephrin-Eph receptor interactions prevent inappropriate midline crossing

Recently, we discovered that Ephrin-Eph receptor interactions play an important role in

establishing midline boundaries within the developing ENS. As in other insects, Manduca

expresses only a single Ephrin ligand (MsEphrin, a GPI-linked Ephrin) and one

corresponding Eph receptor (MsEph; Kaneko and Nighorn, 2003). Like many neurons in the

CNS, the EP cells express MsEphrin throughout their motile phases of development (Fig.

2D). In contrast, MsEph expression is confined to discrete populations of midline interband

cells on the gut, where the migrating neurons normally never travel (Fig. 2C–E; Coate et al.,

in press). When we applied Fc-MsEphrin fusion proteins to the developing ENS as a means

of blocking endogenous ligand-receptor interactions, a substantial number of EP cells

migrated and extended processes across these inhibitory midline regions (unpublished data).

While Ephrin-dependent activation of neuronally expressed Eph receptors has been shown

to modulate neuronal guidance in a variety of contexts (Santiago-Garcia and Erickson, 2002;

Young et al., 2004a; Poliakov et al., 2004), our results in Manduca suggest that reverse

signaling through a GPI-linked Ephrin can also regulate the motile behavior of developing

neurons. We are currently using this preparation to decipher the signaling mechanisms by

which this type of reverse signaling may regulate neuronal migration in developing

embryos.

Nitric oxide (NO) signaling may serve multiple functions in the ENS

Many developing neurons in both vertebrate and invertebrate systems express NO-

dependent soluble guanylate cyclases (sGCs; Bruning and Mayer, 1996; Truman et al.,

1996; Hindley et al., 1997), and the ENS is no exception: most of the neurons that form the

enteric ganglia on the foregut and all of the cells that populate the midgut plexuses exhibit

robust levels of sGCs (Wright et al., 1998; Haase and Bicker, 2003). More unusual is the

discovery that the enteric neurons continue to express NO-sensitive sGC activity throughout

their differentiation, whereas most CNS neurons express sGCs only transiently (Dawson et

al., 1991; Roskams et al., 1994; Ward et al., 1994). In vertebrates, different isoforms of NOS

have been detected in enteric neurons at various stages of development (Balaskas et al.,

1995; Van Ginneken et al., 1998; Arnhold et al., 2004), but a role for NO-dependent sGC

activity in the formation of the ENS has not been systematically explored.

In Manduca, the EP cells begin to express sGCs coincident with the onset of their migration,

but no detectable source of nitric oxide synthase (NOS) appears in the gut until after the

neurons have stopped migrating and begin to form terminal synapses. Consistent with these

observations, manipulations of NO-dependent sGC activity had no effect on EP cell

migration but did perturb synapse formation, indicating that NO signaling plays a delayed

role in regulating the differentiation of these neurons (Wright et al., 1998). In contrast,

Haase et al. showed that the expression of sGCs by migratory neurons in the grasshopper

ENS coincides with the appearance of NOS in the underlying midgut cells, while inhibitors

of either sGC or NOS reduced neuronal migration in the midgut plexus (Haase and Bicker,

2003). NO signaling may therefore play a more immediate role during ENS development in

this species, promoting the migration of enteric neurons along their pathways. Because both

of the foregoing studies were based on pharmacological manipulations, additional

experiments that directly target sGC and NOS expression will be needed to verify these

results. Nevertheless, they provide an interesting view of how the same signal transduction
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pathway may be recruited to control different phases of enteric neuron development in a

species-dependent manner.

A role for an Amyloid Precursor Protein-like protein in migration

The Amyloid Precursor Protein (APP) has been extensively studied as the source of Aβ
fragments associated with amyloid plaque formation in Alzheimer’s disease, but the role of

this protein during normal brain development remains controversial (De Strooper and

Annaert, 2000; Selkoe, 2000). Our recent studies suggest that the Manduca orthologue of

APP (Amyloid Precursor Protein-Like protein, or APPL) may help confine the migrating EP

cells to their normal band pathways. This work was motivated by reports that human APP

can interact with Goα, a heterotrimeric G protein that has been proposed to modulate APP-

dependent aspects of neuronal growth and survival (Okamoto et al., 1995; Brouillet et al.,

1999). We previously showed that activating Goα in the EP cells inhibits their migration via

the induction of calcium spiking activity (Horgan et al., 1995; Horgan and Copenhaver,

1998), suggesting that Goα-coupled receptors might mediate the response of the migrating

neurons to repulsive guidance cues. However, candidate Goα-coupled receptors expressed

by the EP cells and ligands within the ENS that might activate them remained unidentified.

Using whole-mount labeling methods, we discovered that APPL is strongly expressed

within the leading processes of the EP cells, where it co-localizes with Goα, and we showed

that APPL interacts with Goα during ENS development (Swanson et al., 2005). In addition,

interfering with APPL expression caused the EP cells to wander inappropriately off their

band pathways and onto the lateral interband muscles, suggesting that APPL may interact

with inhibitory cues in these regions (Copenhaver et al., 2004; and unpublished data).

Intriguingly, a recent study using transgenic mice showed that the combined deletion of APP

plus two related proteins (APP-like proteins APLP1 & 2) also caused excessive,

inappropriate migration of neurons in the developing brain (Herms et al., 2004), although

whether this effect involved the misregulation of Goα was not explored. This convergence

of effects on neuronal migration in mice and Manduca supports the hypothesis that the APP

family of proteins is evolutionarily ancient and may regulate conserved functions in the

developing nervous system (Price et al., 1998; Coulson et al., 2000).

6. Perspectives: what can the insect ENS tell us about neuronal

development in vertebrates?

Although much of this review has emphasized common features that can be identified in the

ENS of insects and vertebrates, there are also important differences in the developmental

programs that underlie the formation of these systems. Whereas enteric neurons and glial

cells undergo extensive phases of migration before differentiating in both classes of

organisms, all of the cells that form the vertebrate ENS are derived from the neural crest, a

structure that first appeared in evolution with the emergence of the chordates (Baker and

Bronner-Fraser, 1997; Northcutt, 2005). The importance of this process has been highlighted

by the identification of human disorders that occur when ENCCs fail to migrate correctly,

resulting in segments of the gut that never receive innervation (reviewed in Newgreen and

Young, 2002a; Furness, 2006). Both the phenomenology and the control of ENCC

development have now been extensively investigated; not surprisingly, these studies have

identified a number of regulatory processes that may uniquely affect neural crest cells, and

hence can only be tested in vertebrate model systems. Elegant work has been performed

using avian, murine, and amphibian preparations to explore the mechanisms by which

ENCCs populate the gut (reviewed in Newgreen and Young, 2002a; Burns, 2005;

Heuckeroth and Pachnis, 2006), and a variety of sophisticated genetic approaches are now

being used in zebrafish to identify additional genes that regulate ENS development and
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function (Pietsch et al., 2006; Kuhlman and Eisen, 2007). While a comprehensive discussion

of the vertebrate ENS is obviously beyond the scope of this review, several key aspects

should be considered when comparing this process to the formation of the ENS in insects.

Dynamic patterns of migratory and proliferative behavior drive the formation of the
vertebrate ENS

The migration of ENCCs from the neural crest has been the focus of many studies over the

past 30 years (Gershon, 1997; Le Douarin and Kalcheim, 1999), but only recently have new

methods been developed that permit fluorescently labeled ENCCs to be monitored in vivo

(Young et al., 2004b; Druckenbrod and Epstein, 2007). From these studies has emerged an

intriguing view of how the ganglia and nerves of the vertebrate ENS are formed. As

precursor cells travel from the vagal and lumbrosacral regions of the neural crest onto the

embryonic gut, they establish migratory “wavefronts” of ENCCs that continue to proliferate

as they spread through the gut mesenchyme. Time-lapse imaging has revealed that the

behavior of the ENCCs is both dynamic and complex. Most ENCCs tend to migrate in

strands that wind across the gut surface. In some regions, these columns resemble the

patterns of “chain migration” of neural precursors in the developing olfactory bulb (Lois et

al., 1996; Kornack and Rakic, 2001): columns of ENCCs stay closely associated as they

migrate, crawling over one another as they advance. The behavior of individual cells (acting

as leaders or followers) depends in part on their position relative to the migratory wavefront,

reflecting a balance between factors that support intercellular adhesion and those that

promote cell-cell dissociation (Young et al., 2004b; Druckenbrod & Epstein, 2007). The

continued proliferation of undifferentiated ENCCs also promotes their continued dispersal,

while perturbations that restrict ENCC numbers or induce their premature differentiation can

lead to structural deficits in the ENS (Vohra et al., Flynn et al., 2007; and discussed below).

This effect may be due in part to “population pressure” that drives ENCCs away from

regions of high cell density (Hearn et al., 1998), although recent studies suggest that more

subtle aspects of cell-cell interactions may determine when ENCCs disperse or aggregate

(Natarajen et al., 1999; Druckenbrod and Epstein, 2007).

Unlike chain migration in the brain, however, where the columns of cells are confined by

surrounding “tubes” of ensheathing astrocytes (Lois et al. 1996) and are guided by a variety

of secreted molecules (Chen et al., 2001; Alberti et al., 2005), the factors that determine the

specific directions taken by migratory ENCC columns are not well understood. Many of the

same guidance cues that regulate neuronal migration and outgrowth in other contexts have

been implicated in the control of ENCC migration, including components in the extracellular

matrix, cell adhesion receptors, and diffusible guidance cues (reviewed in Young et al.,

2004a; Burns, 2005; Faure et al., 2007). Local heterogeneity in the distributions of these

cues within the gut mesenchyme may therefore help define the trajectories and termination

sites of migratory ENCCs, although methods for visualizing these “microdomains” have yet

to be developed (Young et al., 2004b). Also mysterious is the role of a subset of ENCCs

(“advance” cells) that occasionally migrate in front of the interconnected ENCC strands,

which might act as pioneers or might alter the distribution of local cues available to the

trailing columns (Druckenbrod & Epstein, 2007). Lastly, in vitro studies have implicated

both netrins (Jiang et al., 2003) and bone morphogenetic proteins (Chalazonitis et al., 2004)

in the aggregation of enteric neurons into ganglia, but the molecular mechanisms regulating

the formation and dissolution of migratory chains within the developing ENS remain largely

unexplored (Young et al., 2004b).

Although these innovative approaches have revealed the dynamics of ENCC migration in

unprecedented detail, manipulations of individual migratory ENCCs still cannot be readily

performed within the developing ENS. By comparison, the simplified morphology and

superficial position of the insect ENS has permitted the behavior of single cells to be
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monitored and manipulated in vivo, which has revealed some interesting parallels with the

migratory behaviors of the ENCCs in vertebrates. As noted previously, neurons and glial

precursors in the insect ENS also migrate in columns that resemble chain migration (Fig. 2),

during which individual cells travel over one another in an apparently stochastic manner as

they advance along the gut (Copenhaver and Taghert, 1989b; Horgan and Copenhaver,

1998). The speed at which cells travel within a column are also similar: in the Manduca

ENS, average rates of migration are 30–40 µm/hr (at 28°C), while rates ranging from 35–50

µm/hr have been reported in the developing mouse ENS, although cells at the leading edge

of the wavefront can occasionally move much faster (~85–90 µm/hr; Young et al., 2004b;

Druckenbrod & Epstein, 2007). Transplantation and ablation studies in Manduca have

shown that isolated columns and individual cells can continue to migrate normally when

isolated from the rest of the developing ENS (Copenhaver et al., 1996; and unpublished

observations), although repulsive interactions among neighboring cells may contribute to

their dispersal along a pathway (similar to the population pressure model described above).

Given these parallels, it would be interesting to test the role of cell-cell interactions within

chains of migrating enteric neurons by selectively ablating individual cells (e.g. leaders or

followers) within a motile column, or by manipulating the expression of candidate receptor-

ligand complexes within individual cells to test their effects on chain migratory behavior.

Whereas the ongoing proliferation of undifferentiated ENCCs is required for their continued

migration along the gut, the relationship between proliferation and migration tends to be

slightly different in the insect ENS, where most neural precursors stop dividing shortly after

they emerge from the neurogenic zones. As a result, most insect enteric neurons migrate as

post-mitotic but undifferentiated cells, although like ENCCs in vertebrates, they typically

delay their terminal differentiation until after their migration is complete. Thus, the

continued proliferation of neural precursors is not required for the normal sequence of

migration in the insect ENS (perhaps because of their smaller size and fewer cell numbers),

but local cues encountered in the post-migratory environment appear to help regulate the

terminal differentiation of enteric neurons, as in the vertebrate ENS. In contrast, glial

precursors in the insect ENS do continue to proliferate throughout the course of their

migration, and it has been presumed (but not proven) that this mitotic activity is required for

the proper ensheathment of the enteric nerves (Copenhaver, 1993). It would be interesting to

compare the effects of blocking glial proliferation in the insect ENS with the well-

documented effects of premature ENCC differentiation on the innervation of the vertebrate

gut.

Diffusible trophic factors play a prominent role in the developing vertebrate ENS

Investigations into the genes that cause developmental defects in humans and in rodent

models have identified two interacting signaling systems that play critical roles in

controlling ENS development. Migrating ENCCs express the RET receptor tyrosine kinase

and the co-receptor GFRα1, which together mediate responses to glial-derived growth factor

(GDNF) that is produced by embryonic gut mesenchyme. Concurrently, ENCCs also

express the Endothelin-B receptor (ENDR-B), which mediates responses to Endothelin-3

(ET-3) derived from gut mesenchyme. Both of these diffusible trophic factors are required

for normal ENS development: mutations in either signaling pathway cause serious

abnormalities in the human ENS, including familial Hirschsprung's disease and intestinal

neuronal displasia (Newgreen and Young, 2002a; Hofstra et al., 2002; Vohra et al., 2007).

However, the effects these signaling systems on ENS development are complex, and the

molecular mechanisms by which they interact are still being deciphered. GDNF can promote

ENCC proliferation, differentiation, chemoattraction, and survival in different assays, while

ET-3 appears to be particularly important during the early phases of ENS development,

when the ENCCs first begin to migrate onto the gut (reviewed in Newgreen & Young,
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2002a; Burns, 2005). ET-3 has also been shown to inhibit the induction of neuronal

differentiation by GDNF without affecting its mitogenic or trophic effects (Hearn et al.,

1998). Given the evidence that continued ENCC proliferation may play a critical role in

ensuring their migratory dispersal, an attractive model is that ET-3-dependent signaling

modulates the effects of GDNF on ENCC development, thereby regulating the timing and

position of neuronal differentiation within the ENS (Hearn et al., 1998; Wu et al., 1999;

Flynn et al., 2007). Recent studies have also begun to explore how specific transcription

factors regulate these signaling pathways may contribute to the production of different cell

types within the ENS in a spatially distinct manner along the gut (Newgreen and Young,

2002a; Hendershot et al., 2007). As recently noted, however, the mechanisms underlying the

generation of phenotypic diversity within the ENS remain poorly understood (Hendershot et

al., 2007).

What role, if any, might analogous signaling systems play in the formation of the insect

ENS? By the most stringent criteria, the answer is “none”: insects do not express immediate

homologues of either GDNF or the endothelins, suggesting that the developmental functions

of these factors might have first been established during the emergence of the vertebrate

lineage. However, there is intriguing evidence that components of these pathways evolved

before the separation of protostomes and deuterostomes and may contribute to the

differentiation of the ENS in simpler organisms, albeit via undefined mechanisms. For

example, while insects lack a true GDNF homologue, they possess at least six other

members of the TGFβ superfamily, many of which are expressed in the mesoderm and/or

endoderm of the developing gut (Lo and Frash, 1999; Raftery and Sutherland, 1999; Nguyen

et al., 2000; Lee and Frash, 2005). More striking is the identification of an authentic

homologue of Ret in Drosophila (dRet), containing the same conserved residues required for

ligand-mediated activation and signaling in vertebrate Ret proteins (Sugaya et al., 1994;

Abrescia et al., 2005). Based on mutations in human Ret that cause multiple endocrine

neoplasia type 2, gain-of-function mutations in dRet have been used to investigate the

downstream signaling pathways by which these genetic defects cause aberrant cell

proliferation, and to identify interacting genes that may contribute to the progression of Ret-

dependent oncogenesis (Read et al., 2005). The developmental role of Ret homologues in

insects has not been comprehensively explored. In Drosophila, however, dRet is strongly

expressed by all neurons in the embryonic ENS as they emerge from the neurogenic zones

and begin to migrate (Sugaya et al., 1994; Hahn and Bishop, 2001), a remarkable parallel to

the expression of Ret by ENCCs as they enter the foregut (Newgreen and Young, 2002a).

As noted earlier, GDNF signaling is mediated by a receptor complex consisting of Ret and

GFRα1, a member of the GFRα family of GPI-linked co-receptors (Airaksinen et al, 2006).

Intriguingly, insects also express at least one GFRα gene (named munin in Drosophila;

NCBI accession # NM 001014642), indicating that Ret-GFRα complexes may represent

extremely ancient receptor components that arose early in bilateran evolution, along with the

diversification of the TGFβ superfamily (Enomoto, 2005; Airaksinen et al., 2006). The

developmental expression of Munin-related proteins and their potential role as Ret-

associated co-receptors remains to be determined. However, given other parallels that can be

drawn between ENS development in insects and vertebrates, it will be interesting to

determine whether Ret-dependent signaling mediates the response of ENS precursors to

TGFβ-related secreted factors that are derived from the embryonic gut, and whether this

signaling pathway may affect the proliferation, migration, and differentiation of enteric

neurons and glia in these relatively simple systems.

Might an analogue of the endothelin-endothelin receptor signaling system also contribute to

the development of the insect ENS? Evidence for such a parallel is speculative at best.

Insects certainly express G protein-coupled receptors that share structural similarities with
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the endothelin receptors in vertebrates (c.f. Kristiansen, 2004; Hauser et al., 2006). Insects

also express neprilysin-family endopeptidases (Macours et al., 2003; Thomas et al., 2005)

that align closely with the endothelin converting enzymes, proteases that are required for

generating functional ET-3 (Hofstra et al., 1999; Vohra et al., 2007). These insect

homologues undoubtedly regulate the activation of neuropeptides and peptide hormones in a

tissue-specific manner; whether bioactive peptides derived from the insect gut also

contribute to the differentiation of the ENS (analogous to the effects of ET-3 in vertebrates)

remains unexplored.

7. Unresolved issues and areas for future research

As has been previously noted, the establishment of suitable animal models has played an

essential role in characterizing the developmental origins of the vertebrate ENS and in

deciphering the function of genes that are essential to this process (Newgren and Young,

2002a, b). Despite these advances, the mechanisms controlling many aspects of ENS

development and their potential disruption in the context of congenital abnormalities remain

poorly understood (Heuckeroth and Pachnis, 2006). In recent years, insect model systems

have proven increasingly useful for delineating the signal transduction pathways that

regulate key aspects of development and disease (Kango-Singh & Halder, 2004; Bilen &

Bonini, 2005; Kretzschmar, 2005; Vidal, 2006); can they also contribute to our

understanding of the developmental events underlying the formation of the ENS? Despite

obvious differences in the embryonic origins and gross morphology of the ENS in

vertebrates and invertebrates, common themes in their programs of neurogenesis, migration,

and differentiation suggest that insect preparations can be exploited to investigate a number

of issues that are relevant to more complex systems, as well. In particular, our ability to

explore these issues at the level of individual cells within the developing insect ENS may

provide a means of examining specific aspects of intercellular and intracellular signal

integration in motile neurons.

How do similar gene cassettes regulate distinct morphogenic programs in different
species?

As already noted, elegant work in Drosophila has shown that a delicate interplay between

proneural genes and neurogenic genes can produce markedly different programs of

neurogenesis in the ENS, and that both Wg and EGFR signaling influence the epithelial-to-

mesenchymal transitions that distinguish sequential delamination from placode invagination.

With the advent of tools that permit transgenic gene expression in larger insects such as

Lepidoptera and Orthoptera (Moto et al., 2003; Shinmyo et al., 2004; Yamamoto et al.,

2004), it should now be possible to investigate how species-specific differences in the

regulation of homologous genes produce markedly different structures in the ENS. In turn,

this approach might provide insight into the evolutionary changes in these developmental

programs that allowed adaptations in the insect ENS to match the structural and functional

diversity of the gut in different species (an “evo-devo” analysis; Minelli and Fusco, 2004;

Breuker et al., 2006). Besides obvious similarities between the morphogenetic programs

giving rise to the insect ENS and both the sensory placodes and neural crest cell populations

in vertebrates, increasing evidence suggests that many of the same gene classes are involved

in controlling epithelial-to-mesenchymal transitions in both phyla (e.g. Streit, 2004; Cornell

and Eisen, 2005; Doroquez and Rebay, 2006). Thus, this type of comparative analysis might

also provide important clues about the developmental mechanisms controlling the

morphogenesis of structural diversity in more complex nervous systems, and how errors in

this process may lead to morphological and functional defects.

There are also some apparent differences between the regulation of epithelial-to-

mesenchymal transitions in vertebrate and invertebrate nervous systems. In both phyla,
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regulated changes in cadherin-mediated cell adhesion play an essential role in the de-

epithelialization of neural precursors but may involve distinct mechanisms of control. In the

insect ENS, neurogenesis most likely requires the direct down-regulation of cadherin-

dependent adhesion by EGFR signaling (Dumstrei et al., 1998; Dumstrei et al., 2002), while

alterations in cadherin expression by the Snail family of transcriptional repressors helps

drive the differentiation of neural crest cells (Tucker, 2004; Barembaum and Bronner-Fraser,

2005). Given the prominent role of Snail genes in other aspects of insect development,

including neuroblast proliferation (Cai et al., 2001), it will be interesting to assess whether

they also contribute to ENS development. Likewise, the potential involvement of EGFR

signaling in balancing proneural and neurogenic gene activity might add to our

understanding of how Notch signaling is regulated during neural crest cell delamination

(Cornell and Eisen, 2005).

How are the fates of individual neurons and glial cells regulated in the insect ENS?

Similar to the insect CNS, the ganglia of the insect ENS contain a substantial number of

uniquely identifiable neurons (Zitnan et al., 1989; Copenhaver and Taghert, 1989a; Miles

and Booker, 1998). Rather than arising from specific neuroblast precursors with defined

lineages, however, the enteric neurons appear to differentiate via a more stochastic sequence

of delamination, migration, and assembly (Figs. 3, 4), resembling the generation of

peripheral neurons from the neural crest in vertebrates. An obvious question is whether

neuronal fate in insect enteric ganglia is indeed regulated by epigenetic interactions or

whether unrecognized lineage relationships within the neurogenic zones drive this process.

One means of examining this issue would be to alter the expression of lineage-associated

genes in the zone cells to test how they affect the differentiation of specific types of enteric

neurons. Genetic manipulations to target single zone cells (Lee and Luo, 1999) or acute

manipulations of gene expression via intracellular injections of mRNA and antisense

constructs could be used to distinguish between cell-autonomous and non-cell autonomous

aspects of their differentiation. The larger insect species also lend themselves to targeted

ablation strategies that could be used to eliminate individual cells as they emerge from the

zones; alternatively, supernumerary precursors could be transplanted into the migratory

streams of neurons destined to coalesce into the enteric ganglia. These same methods could

be used to explore the genetic regulation of neuronal versus glial fate in the ENS, an issue

that is also of interest in the developing vertebrate ENS (Burns, 2005). Both cell types are

generated from the neurogenic zones in the insect ENS but at distinct developmental phases,

as summarized above. Manipulations of the different precursor classes that arise from each

zone might provide clues about how lineage-derived versus cell-cell interactions contribute

to the regulation of alternative cell fates.

How do migratory neurons respond to multiple guidance cues simultaneously?

As in other regions of the nervous system, the guidance of neuronal motility in the insect

ENS is undoubtedly regulated by a combination of attractive and repulsive cues. To date, the

roles of particular guidance molecules have only been examined individually, and only a

subset of candidate guidance cues has been investigated in any detail. The potential

contribution of soluble chemoattractants and chemorepellents to the formation of the insect

ENS should be examined, including Slit (Kidd et al., 1999), the Semaphorins (Ayoob et al.,

2006), the Netrins (Mitchell et al., 1996), and their receptors. Recent studies have shown

that morphogenic molecules can also serve as guidance molecules for neurons, including

Wg/Wnt family members, EGFs, and members of the TGF-β/BMP family (Lehmann, 2001;

Zou, 2006). As noted above, the potential role of Ret-dependent responses to TGFβ-related

factors during ENS development in insects deserves particular attention. Embryo culture

preparations that are now available for Manduca and Locusta should facilitate the rapid

screening of these candidate guidance factors to test their role on the migratory behavior of
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enteric neurons. These studies would also provide the framework for genetic manipulations

of the developing ENS in Drosophila.

Perhaps the most important feature of the insect ENS is that it permits individual migratory

neurons to be monitored by a variety of cell-labeling and time-lapse protocols in cultured

embryos. These methods can now be used to quantify how particular guidance cues affect

key aspects of migration, guidance, and outgrowth in vivo, and to examine how multiple

cues (both positive and negative) simultaneously regulate the behavior of motile neurons.

Similarly, the signal transduction pathways associated with particular guidance receptors can

be manipulated to examine their role in the integrating migratory responses to multiple cues,

in regulating the transition from migration to axon outgrowth, and in promoting the terminal

differentiation of enteric neurons once their migration is complete. While investigations into

this type of signal integration are being approached in a variety of preparations (Lehmann,

2001; Ghose and Van Vactor, 2002; Lee and Van Vactor, 2003; Gallo and Letourneau,

2004), the simplicity and experimental accessibility of the insect ENS provides an

opportunity to explore the control of cell migration at high resolution within the developing

nervous system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic drawings of the ENS in different insect species

A. Generalized organization of ganglia and nerves found in the insect ENS. The primary

foregut ganglion is the frontal ganglion (FG; red), connected to the overlying brain (dotted

outline) by paired frontal ganglion connectives (FGC). Several nerve branches extend

anteriorly onto the pharynx, while the recurrent nerve (RN) extends posteriorly to the

hypocerebral ganglion (HG; green), situated below the brain. The HG is also usually

connected to the paired corpora cardiaca (CC), the primary neurosecretory organs of the

brain. From the HG, the esophageal nerve (EN) extends to the ventricular ganglion (VG;

blue; also called the ingluvial ganglion, or IG). The foregut ganglia also give rise to a diffuse

plexus of nerves that innervate the musculature and may include peripheral stretch receptors.

From the ventricular ganglion, a branching nerve plexus (the midgut enteric plexus, EP)

extends along the superficial musculature of the midgut; typically, this plexus contains a

distributed set of enteric neurons within its major branches. The hindgut is innervated by

branches of the proctodeal and rectal nerves that originate in the terminal abdominal

ganglion of the ventral nerve cord (CNS); branches of the proctodeal nerve also extend onto

the posterior midgut. Several peripheral neurosecretory cells are often found within these

nerves (yellow). B. Diagram of the ENS in the tobacco hornworm Manduca sexta (larval

stage). The FG is closely apposed to a diminutive HG, but no VG forms in this species. The

esophageal nerve connects with the enteric plexus that spans the foregut-midgut boundary
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and contains dispersed populations of neurons. Several distinct neuronal phenotypes are

intermingled within the anterior portion of the midgut nerves (orange and purple cells). C.

Diagram of the ENS in the grasshopper Schistocerca americana (after Ganfornina et al.,

1996). Posterior to the HG, two esophageal nerves extend to paired IG near the foregut-

midgut boundary; nerves from these ganglia connect with the midgut enteric plexus, which

contains distributed neurons throughout its length in this species. D. Diagram of the ENS in

the fruit fly Drosophila melanogaster (after Skaer, 1993 and Hartenstein et al., 1994). The

FG consists of an asymmetric pair of hemi-ganglia on either side of the foregut. Branches of

the recurrent nerve extend to the HG on the left and to the paraesophageal ganglion (PG) on

the right. From the HG, the esophageal nerve extends to a single VG, consisting of a small

number of neurons near the foregut-midgut boundary. Two sets of nerves extend from the

VG onto the anterior portion of the midgut, but these nerves do not contain enteric neurons.
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Figure 2. Manduca as an experimental model offers the advantages of simplicity and
accessibility, permitting a variety of manipulations to be performed in the intact ENS

A. Photograph of a fully grown Manduca larva (fifth instar) and a juvenile mouse (courtesy

of Dr. Rita Balice-Gordon). B. Scanning electron micrograph of EP cells that are migrating

on the surface of the gut musculature. C. Whole-mount preparation of a Manduca embryo

immunostained with an antibody against the cell adhesion receptor Fas II (at 58% of

development; 1% of development = 1 hr). Both the EP cells (ep) and their muscle band

pathways (b) express Fas II at this stage of development. EP cells migrate exclusively on the

midgut bands but not onto adjacent interband muscles (ib), nor across the midline interband

cells (ml). Only the dorsal pair of eight midgut bands is shown. D. Whole-mount preparation

of the embryonic ENS (at 65% of development) immunostained with anti-MsEphrin

(magenta; to label the EP ells and their processes); anti-GPI-Fas II (yellow; to label the glial

cells ensheathing the midgut EP cells), and anti-Neuroglian (green; to label the muscle band

pathways). E. Whole-mount preparation of the embryonic ENS (at 58% of development) in

which two migratory EP cells were injected with DiI (magenta) prior to immunostaining the

preparation with anti-TM-Fas II (green). As in panel C, the muscle band pathways are also

stained by anti-Fas II antibodies. Each neuron extends an array of filopodial processes in

advance of its cell body; filopodia that extend along the muscle band pathways are longer

and are often become incorporated into the leading process, while filopodia that extend onto

the adjacent interband muscles remain shorter and usually are rapidly retracted. F. Embryo

in which two EP cells were injected prior to migration onset (at 50% of development) with

mRNA encoding monomeric DsRed and Alexa Fluor 488 hydrazide (green). After 20 hr in

culture, the preparation was immunostained with anti-DsRed antibodies (magenta). G.

Single frames taken from QuickTime movies of EP cells that were injected with Alexa

Fluor-488 dextran and monitored by time-lapse imaging. Panel “i” shows an EP cell

migrating along one of the midgut muscle bands (the band is not labeled); arrow indicates

the position of the leading process (see Supplementary movie #S1). Panel “ii” shows an EP

cell transitioning from migration to axonal outgrowth (see Supplementary movie #S2).

Arrow indicates the position of the leading process that will form the axon. Panel “iii”

shows a higher magnification image of a migrating EP cell to visualize the filopodia

associated with its leading process (see Supplementary movie #S3). Boxed insets indicate

filopodia extending onto its muscle band pathway (band) and onto adjacent interband

musculature (ib) that are quantified in panel H. H. Filopodial dynamics of a migrating EP

cell over the course of 30 min (data collected from Supplementary movie #S3); upper panel

indicates the average length of filopodia extending along the band pathway (red histograms)

or adjacent interband musculature (shaded histograms). Lower panel shows the average

number of filopodia on the band versus interband regions. Scale = 0.75 cm in A; 10 µm in
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B; 40 µm in C–D; 20 µm in E–F. The average somal length of the migrating EP cells in

panel G is ~15 µm.
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Figure 3. Schematic illustration of neurogenesis in Manduca (A–F; after Copenhaver and
Taghert, 1991) and Drosophila (G–L; after Hartenstein, 1997)

Each panel represents a sagittal view of the foregut midline; anterior is to the left, dorsal is

to the top. A. At ~24% of development in Manduca, three neurogenic zones have formed in

the dorsal foregut epithelium (Z1, Z2, & Z3), from which a series of individual precursors

will delaminate; each precursor cell divides once or twice after emerging. B. By 28% of

development, streams of zone-derived cells have begun to migrate anteriorly along the

foregut, while all of the remaining zone 3 cells delaminate. The epithelium surrounding the

original position of zone 3 subsequently differentiates into a distinct placode (purple). C. By

33% of development, migrating zone cells have begun to form the frontal ganglion
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anteriorly, while all of the remaining zone 2 cells delaminate. The EP cell placode has also

begun to invaginate. D. At 36% of development, zone-derived cells continue to migrate

along the pathways that will form the recurrent and esophageal nerves, while the EP cell

placode invaginates. E. By 39% of development, the last of the zone 1 cells delaminate, and

the EP cell placode has invaginated onto the foregut surface. F. By 42% of development, the

frontal and hypocerebral ganglia have formed; subsets of the residual zone cells will

proliferate to form glial populations that ensheath the nerves and ganglia of the ENS. At this

stage, the invaginated EP cells form a condensed packet of post-mitotic neurons adjacent to

the foregut-midgut boundary. G. In Drosophila at stage 10 (~24% of development), three

neurogenic centers form within the ENS anlage (yellow) and give rise to a set of

delaminating precursors (dSNSPs; light green). H. At stage 11 (~30% of development), the

dSNSPs have migrated anteriorly, where they will help form the frontal ganglion and its

nerves. A second wave of precursors (tSNSPs, dark green) delaminates from the neurogenic

centers, marking the positions where three invaginations will form. I. By stage 12 (~34% of

development), the three invaginations form distinct pouches (1, 2, & 3) that protrude onto

the foregut surface. J. By stage 13 (~38% of development), the three pouches have pinched

off to form a set of neurogenic vesicles, while the tSNSPs migrate anteriorly to help form

the frontal and hypocerebral ganglia. K. By stage 14 (~42% of development), invaginated

cells from the three vesicles begin to dissociate (iSNSPs) and migrate anteriorly. L. By stage

16 (~60% of development), the SNSPs have assembled into the enteric ganglia of the

foregut: frontal ganglion (FG), hypocerebral ganglion (HG), paraesophageal ganglion (PG),

and ventricular ganglion (VG). Processes from these neurons also pioneer the

interganglionic nerves.
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Figure 4. Photomicrographs of the developing ENS in Manduca (immunostained with anti-Fas II
antibodies; after Copenhaver and Taghert, 1990, 1991)

A–C. Lateral views of the foregut at 24%, 33%, and 39% of development. Z1, Z2, and Z3

indicate the three neurogenic zones of the foregut; EP = the invaginating placode giving rise

to the migratory neurons that populate the midgut. D. Dorsal view of the frontal ganglion

(FG) and hypocerebral ganglion (HG) at ~60% of development; the frontal ganglion

connectives to the brain (FGC) and posterior esophageal nerve (EN) are also visible. E

Dorsal view of a younger embryo (~35% of development) shows the emergence of cells that

will migrate off the foregut to form the intrinsic neurons of the corpora cardiaca (CC). F–H:

dorsal views of the posterior lip of the foregut at 30%, 34%, and 38% of development,

showing the invagination of the EP cell placode. I. By 42% of development, the EP cells

have invaginated to form a packet of post-mitotic neurons adjacent to the foregut-midgut

boundary (paired black lines). Anteriorly, the EP cell packet is in continuity with the

residual zone 3 cells and the developing esophageal nerve (EN). Arrows indicate the

directions the EP cells will subsequently follow as they spread bilaterally around the foregut.

J. By 55% of development, the EP cells have spread almost completely around the foregut

and have begun to align with eight longitudinal muscle bands that form on the midgut as it

closes dorsally. Arrows indicate the direction that subsets of EP cells will follow once

migration onto the midgut commences (the dorsal pair of muscle bands can be faintly seen

below the arrows). K. By 58%, subsets of EP cells have begun to migrate rapidly along the

muscle band pathways on the midgut; only the dorsal pair of eight parallel bands are shown.

Scale = 40 µm.

Copenhaver Page 40

Dev Dyn. Author manuscript; available in PMC 2011 May 18.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 5. A cascade of regulatory genes controls neurogenesis in the ENS of Drosophila

A. Maternally expressed torso (tor), bicoid (bcd), and dorsal (dl) control the expression of

huckebein (hkb) and fork head (fkh) in the invaginating stomodeum (after Hartenstein,

1997). The homeobox gene D-goosecoid (D-gsc; yellow field) is required for the

differentiation of the anterior stomodeum, including the anterior neurogenic center (zone 1)

of the ENS. Other patterning genes (as yet unidentified; orange field) may specify the

formation of the more posterior zones. As the stomodeum invaginates, the ENS anlage (grey

shaded epithelium) becomes morphologically distinguishable and begins to express a

combination of proneural genes in the Achaete-scute Complex (As-C), neurogenic genes

(including Notch; N), and several other transcription factors, including Krüppel (Kr). Both

Wingless (Wg) and EGFR signaling (plus other identified regulatory genes) play essential

but poorly defined roles in this initial phase of ENS development. B. Wg and EGFR

signaling may also help delineate the three neurogenic centers (1, 2, & 3) that subsequently

form within the ENS anlage, possibly by limiting the range of Notch signaling within each

zone and by modulating cell adhesive interactions mediated by Drosophila E-Cadherin (DE-

Cad). C. All of the cells within each zone initially express intermediate levels of both

proneural genes (As-C) and neurogenic genes (N). D. Enlarged view of a single zone cell at

this stage. Notch (N)-Delta (Dl) interactions between adjacent cells are regulated in part by

inhibitory feedback with the proneural genes (As-C); proneural genes may also regulate DE-

Cadherin expression (boxed C). E. During the sequential delamination of individual

precursors, lateral inhibition by the neurogenic genes promotes enhanced expression of the

proneural genes (As-C) in a single zone cell, which then emerges from the foregut

epithelium (light green cell represents a dSNSP). Cadherin-mediated adhesive interactions

must also be down-regulated at this time. Concurrently, elevated levels of Notch signaling in

the remaining zone cells help maintain their epithelial organization. F. Once delaminated,

the precursor cell expresses the proneural gene Asense (ase), which may restrict further

mitotic divisions, and the cell adhesion receptor Fas II, which may promote directed

migration. The remaining zone cells re-acquire a balanced expression of both proneural

genes and neurogenic genes. G. A second cycle of delamination gives rise to another set of

precursors that emerge onto the foregut (dark green cell represents a tSNSP). As these

precursors emerge, elevated levels of Star (S) and Rhomboid (rho) result in the localized

release of the EGFR ligand, Spitz (spi), which in turn promotes the invagination of the

remaining zone cells. H. Enlarged view of a single invaginating cell; EGFR signaling

induced by Spitz interrupts the normal inhibitory feedback between neurogenic and

proneural genes, permitting their continued co-expression. EGFR signaling also down-

regulates DE-Cadherin-mediated adhesion, thereby promoting the morphological

reorganization of the invaginating cells. I. Invagination of the neurogenic zone produces a

discrete epithelial vesicle (see Fig. 3J), in which all of the cells continue to express both
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proneural genes (maintaining their potential to become neurons) and neurogenic genes

(which help maintain their epithelial organization). By contrast, proneural gene expression is

inhibited in the underlying epithelial layer. Individual cells from the vesicle then down-

regulate neurogenic gene expression and disperse, while they upregulate Asense and Fas II

(blue cells represent iSNSPs).
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Figure 6. Schematic illustrations of the sequence of migration that forms the midgut enteric
plexus in the insect ENS

A–D represents Manduca (after Copenhaver and Taghert, 1989b; Copenhaver, 1993); E–H

represents Schistocerca (after Ganfornina et al., 1996). All panels show dorsal views of the

developing ENS at the foregut-midgut boundary. A. At 40% of development, the EP cells

have invaginated onto the dorsal foregut surface and begin to spread bilaterally around the

foregut-midgut boundary. Concurrently, subsets of longitudinal muscles on the midgut (dark

grey cells) begin to coalesce as dorsal closure of the midgut proceeds. Anteriorly, the EP cell

packet is in continuity with the residual zone 3 cells that help form the esophageal nerve;

subsets of these zone-derived cells will subsequently proliferate to form glial cells that
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ensheath the enteric plexus. B. By 55% of development, the EP cells have almost completely

surrounded the foregut, and subsets of the cells have begun to align with each of the eight

midgut muscle bands (only the dorsal four are shown). C. By 58% of development, the EP

cells have begun to migrate posteriorly along the muscle bands on the midgut; a small

number of neurons also migrate laterally onto radial muscles of the foregut (foregut muscles

not shown). D. By 80%, the EP cells have completed their migration, forming the enteric

plexus that spans the foregut-midgut boundary; they have also extended axons along the

posterior midgut (not shown) and short terminal branches onto the adjacent interband

musculature. Glial cells (pink) derived from the residual zone 3 cells have also migrated

over the major branches of the enteric plexus to ensheath them. E. By 40% in the

Grasshopper ENS, the neurogenic zones of the foregut have given rise to the cells of frontal

ganglion (not shown) and hypocerebral ganglion (green), while posteriorly, cells derived

from the third neurogenic zone have migrated bilaterally to form the incipient ingluvial

ganglia (blue). F. By ~50% of development, a second wave of neurogenesis from the

vicinity of zone 3 has begun to produce a new population of ingressing cells (purple); these

cells then migrate bilaterally and aggregate adjacent to the ingluvial ganglia. G. By ~60% of

development, four streams of cells have begun to migrate posteriorly from the ingluvial

ganglia onto the midgut (only the dorsal pair is shown). Unlike Manduca, distinct muscle

bands on the midgut have not been detected in grasshopper. H. By 80% of development, the

migratory populations of neurons have become distributed along the entire length of the

midgut and have extended terminal branches onto the adjacent musculature. An additional

set of cells derived from the neurogenic zones (presumably sensory neurons) also

contributes to an extensive foregut plexus (not detected in Manduca).
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