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Abstract

Receptor-mediated cellular adhesion is a key feature of cell activity.
Not only does adhesion provide stability for a cell, but adhesion molecules
serve a tremendous array of functions, including roles as guidance molecules
for migrating cells, as regulators of differentiated states, and mediators of
signal transduction cascades that flow from the environment to the
cytoplasm and in the reverse direction, from the cytoplasm to the
extracellular domain. Cell adhesion molecules (CAMSs) have been studied
extensively in the nervous system, where appropriate adhesion to specific
substrates is crucial for the correct wiring of a developing nervous system.

We utilize an embryonic model system that has proven useful in
studying aspects of nervous system development and cell migration. The
work presented here identifies a particular CAM, fasciclin II, in the moth
embryo Manduca sexta, and demonstrates its requirement for several aspects
of neuronal development, including the promotion of motility, adhesion,
and guidance. Manduca fasciclin II (MFas II) was originally identified as the
antigen recognized by a monoclonal antibody (TN-1), which labels major
nerve tracts of the central, peripheral and enteric nervous systems. Peptide
sequence from purified antigen was used to design primers to screen a cDNA -
library. The full length protein sequence was predicted from ¢cDNAs isolated
from this screen.

Antibodies that target the extracellular domain of Manduca fasciclin 11

(MFas II) and synthetic peptides which bind the extracellular domain of MFas
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II interfered with nervous system development, consistent with a
requirement for MFas II-mediated adhesion for neuronal guidance and
motility.

We generated isoform-specific riboprobes and antibodies to characterize
the expression and function of the two isoforms of MFas II, a transmembrane
form and a GPI-anchored form. We found that the transmembrane isoform
was expressed by neurons and primarily localized to motile axons, whereas
the GPI-linked isoform was found on glia and some premigratory neurons.
Finally, using antisense oligonucleotides and enzymatic ablation of GPI-
anchored MFas II, we examined the specific role of each isoform in nervous
system development. We found that the GPI-linked isoform is required for
adhesion of non-motile cells, while the transmembrane form is necessary for
neuronal motility. Our observations of the expression and role of the GPI-
anchored isoforms are entirely novel and could suggest roles for homologous

CAMs in other invertebrate and vertebrate species.



Introduction

Cells are the building blocks of life, and we study them to learn how
they survive as autonomous organisms and also how they interact with their
environment in a multicellular context. Eukaryotic cells were first seen in
the 1660's, yet an understanding of their significance, structure, and function
was not immediately forthcoming. Nearly two centuries passed before a
general paradigm, the cell theory, was codified. This established that cells are
the fundamental units of life, that all life is comprised of cells, that cells arise
only from other cells, and that the biology of an organism can be understood
through sufficient understanding of its cellular activities. In the 1950's
electron microscopy offered high resolution (0.1 nm) snapshots of cellular
structures, and more recent advances in other fields have made possible the
investigation of living cell dynamics. Indeed, we have the ability to edit the
genetic library of cells, to induce or suppress gene expression, to introduce
directed mutations, and even to transplant gene expression into foreign cell
types. These technologies are illuminating the underpinnings of cell biology,
allowing us to investigate just how cells carry out their activities at the level
of protein-protein interactions. We can also examine how these processes are
regulated and ask the question: what cellular events lead to proliferation or
differentiation or death?

Cellular activities fall into a broad range of types and include much
more than simply promoting the survival of a given cell. Cells comprising
metazoan organisms are highly specialized to serve integrative functions and
are unable, for the most part, to survive outside their native contexts

(although advances in cell culture techniques allow us to maintain a variety



of cell types under optimized conditions). Instead, these cells are highly
dependent on interactions with their environment for survival and to
support functions that manifest at the level of the whole organism.

Cellular interactions with other cells and the non-cellular
environment are achieved through a number of mechanisms, but typically
cells insert receptors through the plasma membrane to contact the
environment. Any given receptor has a very narrow range of chemical
motifs that it will bind with high affinity, conferring high specificity of
receptor-ligand complexes. A diverse array of receptor types can give cells a
detailed resolution of the environment and myriad ways to respond to
environmental cues. Many of these functional responses are governed by
receptors that were initially defined on the basis of their ability to promote
adhesion to cellular or non-cellular substrates, and are thus termed cell
adhesion molecules (CAMs). These molecules participate in homophilic
(like-to-like) interactions as well as heterophilic interactions and are discussed
below. A common theme that has rapidly emerged, though, is that it is
inappropriate to separate adhesion from other cellular functions. It has been
found that many classic cell adhesion molecules participate in intracellular
signalling events, stimulate cellular motility, function as guidance molecules,
and modulate signal cascades associated with other cell surface receptors (e.g.
Brimmendorf and Rathjen, 1996, Seeger et al., 1999, Steinberg and McNutt,
1999).

The first technical evidence that CAMs promote specific or preferential
cell-cell associations came from experiments in developmental biology (e.g.
Townes and Holtfreter, 1955). These showed coordinated cell sorting
following chemical dissociation of early embryos (i.e. cells derived from like

tissue layers would aggregate, excluding cells from different tissue layers),



thus suggesting homophilic interactions between cells. As our technology
has advanced, a wide variety of homophilic and heterophilic CAMs have
been identified and it is clear that their biological function is complicated.
Many of these molecules bind components of the extracellular matrix (ECM)
as well as other cells. The majority of cell adhesion events are mediated by
four families of CAMs: integrins, cadherins, selectins, and the

immunoglobulin superfamily (IgSF) of receptors.

CAM families

Integrins are a family of heterodimeric CAMs that have major roles in
the formation of focal adhesions. These are sites of contact rich in dynamic
cytoskeletal activity, containing characteristic groups of proteins, including
actin, actin-binding proteins that link receptors to the cytoskeleton, and
regulatory proteins such as small GTPases and tyrosine kinases. Integrins
mediate adhesion to the ECM, and both the a and 8 chains participate in this
interaction. The a chain confers calcium dependence and ligand specificity,
promoting interactions between diverse matrix proteins (reviewed in Aplin
et al., 1998), while the 8-subunit mediates receptor clustering and is
responsible for the recruitment of intracellular molecules such as the focal
adhesion kinase (FAK), talin, a-actinin, and vinculin (Priddle et al., 1998,
Lafrenie and Yamada, 1996). The primary role for integrins is thought to be
the integration of the ECM with intracellular activity, with the resulting
ability to generate cytoskeletal tension that influences proliferation and
differentiation (Gonzédlez-Amaro and Sanchez-Madrid, 1999). Not only are
integrins capable of transducing signals from the environment to the
cytoplasm, they also demonstrate the fascinating ability to convey “inside-

out" signalling, due to their capacity to respond to intracellular events that



mediate integrin clustering and adherence (O'Toole et al., 1994). Thus,
integrin-mediated adhesion is not merely a static anchoring mechanism.
Integrins are involved in two-way signalling, and the structural elements of
integrin-associated foci are critically associated with fundamental aspects of
cell function and survival.

Cadherins are also calcium-dependent CAMSs, but these receptors are
homophilic, and therefore cadherins on neighboring cells act as their ligands.
These proteins are major regulators of tissue formation and participate in
morphological changes in populations of cells during development (Alpin et
al., 1998). They require intracellular binding to catenins in order to effectively
participate in extracellular adhesion. The intracellular domain of the
cadherin binds $3-catenin, which in turn binds a-catenin. As a result, a-
catenin can bind directly to actin or the actin-binding protein a-actinin. A
subgroup of cadherins are found in desmosomes and attach to intermediate
filaments instead of the actin cytoskeleton. Cadherin/catenin adhesion is
necessary for the survival of an organism, and mutations in cadherins are
implicated in tumor formation (Berx et al., 1998). f-catenin is also a
multifunctional molecule. 1t is a target for multiple tyrosine kinases and its
phophorylation state regulates cadherin adhesion (Roura et al., 1999). It also
participates in diverse signalling pathways associated with myogenesis in the
Xenopus embryo, cell cycle regulation, and programmed cell death (Vallerosi
et al., 2000, Tian et al., 1999, Miller et al., 1999). So like integrins, cadherin
function is not suitably defined as just adhesion.

Selectins encompass a small family of receptors that moderate
heterophilic interactions through binding to the carbohydrate motifs of
glycosylated proteins on other cells or in the ECM (Gonzdlez-Amaro and

Sanchez-Madrid, 1999). They function primarily in the adherence of



leukocytes to vessel walls, promoting the rolling of these cells along these
substrates prior to the recruitment of integrins, which promote firmer
adhesion. Only recently have experiments suggested that selectins participate
in signal transduction events independent of those modulated by integrins or
other CAMS (Lorenzon et al., 1998).

IgSF adhesion receptors have classically been associated with neuronal
guidance, but they are found in all tissue types. These proteins contain Ig-like
domains, as well as fibronectin type IIl repeats. They participate in
homophilic adhesion with a high degree of specificity. Some IgSF adhesion
molecules have also been shown to associate with intracellular kinase
activity, growth factor receptors, integrins, cadherins, and other IgSF family
members (Walsh and Doherty, 1997, Olive et al., 1994). In addition, some
members of this family, like integrins, have been shown to transduce outside-
in as well as inside-out signalling (Hortsch et al., 1998). A more focused
treatment of a limited number of IgSF receptors follows, but it should be
noted that IgSF molecules are like other CAMs in that simple adhesion to
extracellular substrates is only one aspect of their biological function.

The main point of the preceding discussion is that the major CAM
families are not involved in static adhesion between cells or between cells
and the ECM. Instead, the process of adhesion is intimately associated with
other major cellular activities, and these CAMs, while promoting adhesion,
also participate in a tremendous array of signal transduction events. The
range of activity of these molecules has only recently become accessible to our
investigation. A number of different CAMs on a given cell function in
parallel and interactive modes, and the cell's response to the environment is
the sum result of these interactions. This must be remembered when

attempting to dissect the function of a single CAM either in vive or in vitro.



Our work focuses on one such molecule, and some of our findings are best
understood in this context: the role of one adhesion molecule in a cast of

many.

The fasciclin II/NCAM/apCAM group of receptors

The topic of this thesis is the role of the insect IgSF receptor fasciclin II
in the development of the moth nervous system. The relevance of these
investigations lies in the dilemma of how a complex nervous system can
arise in higher metazoan animals. A central mystery in nervous system
development is how neurons find their correct target cells. Both the distance
between a given neuron and its target and the recognition between neuron
and target (a needle-in-a-haystack problem) are conceptually significant
obstacles to neuronal development. In addition, a tremendous number of
neurons make a large number of connections to other cells in more evolved
nervous systems, giving rise to an integrated system wherein the sum activity
of individual cells facilitates the response of an entire organism to
environmental cues. To put this daunting phenomenon in perspective, the
human brain alone contains over a trillion neurons, each one of these
making an average of 1000 connections to other cells, and precise wiring is
required for appropriate functions to occur (Tessier-Lavigne and Goodman,
1996).

The ability of individual neurons to migrate and extend processes to
their targets is absolutely dependent on precise adhesive interactions and
proper response to guidance cues, which are two overlapping topics. We
have selected the embryonic moth as a model system due to its relative
simplicity and accessibility to study. It is the complexity of other systems

which often makes them intractable for analysis with available techniques. I



will conclude this introduction with a very brief discussion of some salient
features regarding fasciclin I and our model system.

Fasciclin H contains five stereotypic extracellular Ig motifs and two
fibronectin type Il domains and was first identified and biochemically
characterized in grasshopper as a neuronal cell surface antigen (Bastiani et al.,
1987, Snow et al., 1988). Subsequent analysis in Drosophila demonstrated that
fasciclin Il mediates the formation of axons into bundles (fascicles) in the
embryonic CNS and PNS (Lin et al., 1994, Lin and Goodman, 1994) and
demonstrated its role as a CAM. The first chapter of this thesis describes the
identification of fasciclin I in the moth. Manduca fasciclin II (MFas II) was
first postulated to be the antigen recognized by the monoclonal antibody TN-
1, based on similarities in expression pattern to fasciclin II in other insect
nervous systems (Carr and Taghert, 1988). Homologs to fasciclin H can be
found in the Aplysia apCAM and the vertebrate neuronal NCAM. While
IgSF adhesion molecules share considerable domain homology and sequence
identity, the IgSF proteins can be sorted on the basis of whether or not they
cross the plasma membrane. IgSF adhesion molecules can be expressed as
proteins with single transmembrane motifs, or as extracellular proteins
anchored to the plasma membrane via a glycosylphosphatidyl-inositol (GPT)
linkage. The transmembrane isoform provides contact between the
extracellular domain and the cytoplasm, while the GPI-anchored isoform
tethers the receptor to the outer leaflet of the plasma membrane with no
cytoplasmic contact. Most IgSF proteins in the nervous system are expressed
as either one or the other of these general isoforms. Fasciclin II, NCAM, and
apCAM, however, are expressed in both forms as the result of alternative
splicing of mRNAs transcribed from single genes (Lin et al., 1994, Mayford et
al., 1992, Nguyen et al., 1986).



This thesis investigates the potential for specific and distinct roles for
each fasciclin Il isoform. We have chosen to examine this because precedence
exists for IgSF receptors to function in signal transduetion events and because
the profound differences in domain structure between isoforms suggests
disparate functional capabilities of each isoform. The established interactions
of other IgSF molecules are complex and include both intracellular and
extracellular associations with other CAMs and signalling molecules.

The structure of the Ig domains has been shown for some IgSF
molecules to mediate homophilic interactions in trans orientation (Zhou et
al., 1993, Ranheim et al., 1996, Wikstrom et al., 1996) and heterophilic
interactions with other IgSF family members in cis (reviewed in
Brimmendorf and Rathjen, 1996). In addition, some IgSF molecules have
been shown te bind ECM components (Hortsch, 1996, Briimmendozf et al.,
1993). Structural similarities among IgSF family members suggest that MFas
II might have heterophilic binding targets in vivo (Engel, 1996}, although
none have yet been identified. The ability to bind a variety of extracellular
molecules is not proof that IgSF adhesion molecules are capable of signal
transduction or the promotion of motility; however, some IgSF proteins are
also capable of interacting with cytoplasmic proteins, which does lend support
to their participation in these roles.

NCAM has been implicated in signal transduction involving the MAP
kinase pathway (Schmid et al. 1999) and focal adhesion kinase activity (Beggs
etal, 1997). Also, the src-family tyrosine kinase fyn is apparently required for
NCAM-stimulated NCAM-mediated neurite outgrowth (Beggs et al., 1994).
Other IgSF molecules, in the nervous system and elsewhere, are
biochemically associated with a variety of intracellular tyrosine kinases (Olive

et al. 1995, Zisch et al. 1995). The cytoplasmic C-terminus of Drosophila



fasciclin IT contains a PDZ-binding sequence, and is localised to synapses with
the Shaker potassium channel through binding to a PDZ domain found on
Dises-large, a membrane associated guanylate kinase (Zito et al., 1997),
Cytoskeletal attachments are also indicated for several IgSF molecules,
directly or indirectly. For example, NrCAM exhibits actin-dependent mobility
(Faivre-Sarrailh et al., 1999), and growth cone orientation mediated by
apCAM requires the cytoplasmic domain of the receptor, suggesting a
cytoskeletal association (Suter et al., 1998).

Several recent studies on NCAM and apCAM isoforms show that the
transmembrane isoforms have certain biological activities that the GPI-linked
isoforms do not. These investigations characterize GPI-linked NCAM as a
dominant negative inhibitor of transmembrane NCAM (Saffell et al., 1995)
and suggest that GPI-linked apCAM is a nonfunctional isoform with regards
to the activities examined {Bailey et al., 1997, Suter et al., 1998). However,
even though GPl-anchored molecules have no direct contact with the cytosol,
mounting evidence shows that many GPI-linked IgSF receptors are also
associated with intracellular sre-family tyrosine kinases. In some instances,
this association might be through /s interactions betweeen the GPI-linked
receptor and transmembrane meolecules in the same plasma membrane
(Olive et al., 1995), but in other cases the mechanism of signal transduction is
unclear. Interestingly, some IgSF molecules found in leukocytes are
expressed as both transmembrane and GP}-linked isoforms, and some of these-
GPF-linked isoforms can activate src-family kinases while the transmembrane
isoforms cannot (Shenoy-Scaria et al., 1993). Such evidence raises the
possibility that GPI-linked fasciclin If might have some functional activity
beyond simple adhesion, as opposed to the nonfunctional or dominant

negative roles proposed for GPI-linked NCAM and apCAM. The results



described in this thesis question whether the role of GPI-MFas II is to act as a

dominant negative receptor.

The model system

In order to study aspects of cell adhesion and response to guidance cues
in a developing animal, we have selected the embryo of the moth, Manduca
sexta. This model allows us to maintain cells in a relatively complete
biological context. Three major features are especially advantageous in this
system: first, the developing nervous system is relatively simple in
comparison to more complex vertebrate models. The enteric nervous system
has only ~300 neurons, while the central and peripheral nervous systems
have relatively few primary neuronal tracts per body segment. Second, this
model is very accessible to pharmacological manipulation during the most
important phases of nervous system development (i.e. when neuronal
migration and process extension are occurring). This has allowed us to
introduce experimental compounds in a highly controlled fashion. Third,
the developmental time course of the events we examine occur within about
a day. Key periods of neuronal motility in the enteric nervous system occur
between about 40% and 75% of development (about 35 hours at 27°C), while
the major motor neuron tracts extend from the CNS to the periphery between
18% and 45% of development. This brief time frame not only allows us to
perform experiments relatively rapidly, but also reduces the potential effects
of bacterial contamination seen in longer culture systems. This system has
recently been used to charactize the role of a number of factors in the directed
migration of enteric neurons, including heterotrimeric G-proteins (Horgan et
al., 1998), cGMP (Wright et al., 1998), and tyrosine kinase activity

(unpublished observations).
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While considerable divergence has occurred between Manduca and
vertebrate species, many aspects of nervous system development are
conserved between these groups (Reichert and Boyan, 1997). Therefore our
findings should be applicable to other preparations and might predict the role

of IgSF molecules in more complex systems
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Chapter 1

A role for fasciclin II in the guidance of neuronal mieration

This chapter describes the cloning and sequencing of the TN-1 antigen
and identifies it as the moth homolog to Drosophila and grasshopper fasciclin
II. Manipulations in culture demonstrate a role for Manduca fasciclin I (MFas
II) in the migration and process extension of enteric neurons. This is shown
via the introduction of antibodies and peptide fragments that perturb MFas IT
homophilic adhesion between the migrating neurons and their substrate.
Also demonstrated is that PI-PLC, which cleaves GPI-anchored MFas II (GPI-
MFas II), inhibits neuronal migration. This result is further addressed in

Chapter 2.

Chapter 2

Different isoforms of fasciclin II play distinct roles in the guidance of

neuronal migration during insect embryogenesis

Here we extend our analysis of MFas II in the developing enteric

nervous system (ENS) by examining the pattern of expression of each MFas II
isoform using specific antibodies and riboprobes. We present dramatic
distinctions between the patterns of expression of each isoform.
Transmembrane MFas II (TM-MFas II) is expressed exclusively by neurons,
while GPI-MFas 1I is expressed by glia and neurons. An interesting result is
that the neuronal expression of GPI-MFas II ceases just prior to migration, at
which time the neurons express only TM-MFas II. Culture experiments show
that GPI-MFas II is required to keep pre-migratory neurons in close
apposition, but only TM-MFas 1II is required for actual migration. We suggest
that the inhibition of migration caused by PI-PLC in Chapter 1 might be due to

the cleavage of other GPI-anchored molecules, or could be an artifact caused
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by the high concentration of PI-PLC used in culture. In this chapter we show
that far lower concentrations of PI-PLC affect migration, although indirectly.

Treatment of EP cells with PI-PLC prior to the switch in expression of MFas II
isoforms from the GPI to the transmembrane isoform blocks later migration.
We propose that the cleavage of GPI-MFas II prevents adequate adhesion and
this affects migration either by causing displacement of the neurons beyond

the range of permissive contact, or else by blocking the ability of the neurons

to extend processes due to altered surface tension induced by cell rounding.

Chapter 3

Fasciclin II isoforms in the central and peripheral nervous systems

Here we use the isoform specific antibodies and riboprobes developed
in Chapter 2 to investigate the expression of MFas II isoforms in the central
and peripheral nervous system. We show that TM-MFas II is expressed solely
by neurons and GPI-MFas II is expressed solely by glia. We introduce a
modified culture system and investigate the role of GPI-MFas II in supporting
the guidance of TM-MFas II-positive axons. We find that GPI-MFas 1I is
required for correct guidance of some axons, but suggest this is not due to GPI-
MFas 1I-TM-MFas II-dependent adhesion. Instead we suggest that GPI-MFas II
is necessary to maintain some glial populations in tight apposition until

specific developmental stages are reached.
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SUMMARY
The insect cell adhesion receptor fasciclin II is expressed by specific subsets of
neural and non-neural cells during embryogenesis and has been shown to
control growth cone motility and axonal fasciculation. Here we demonstrate
a role for fasciclin II in the guidance of migratory neurons. In the developing
enteric nervous system of the moth Manduca sexta, an identified set of
neurons (the EP cells) undergoes a stereotyped sequence of migration along
the visceral muscle bands of the midgut prior to their differentiation. Probes
specific for Manduca fasciclin II show that while the EP cells express fasciclin
II throughout embryogenesis, their muscle band pathways express fasciclin II
only during the migratory period. Manipulations of fasciclin II in embryonic
culture, both with blocking antibodies and enzymatic removal of glycosyl
phosphatidylinositol -linked fasciclin II, produced concentration-dependent
reductions in the extent of EP cell migration. These results support a novel
role for fasciclin II, indicating that this homophilic adhesion molecule is

required for the promotion or guidance of neuronal migration.
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INTRODUCTION

The directed migration of neurons or their precursors along specific
pathways is essential to the formation of both the central and peripheral
nervous system and can affect the expression of mature phenotypes by the
post-migratory cells. While the phenomenon of neuronal migration was first
characterized in vertebrates, it is now clear that this same process is also
critical to the formation of invertebrate nervous systems, where many cells
can be uniquely identified throughout development (Hedgecock et al., 1987;
Klambt et al., 1991). A particularly dramatic example of directed migration
has been documented within the developing enteric nervous system (ENS) of
the moth, Manduca sexta . During the formation of the ENS, a population of
~300 post-mitotic cells (the EP cells) delaminates from a neurogenic placode to
form a discrete packet of undifferentiated neurons at the foregut-midgut
boundary (Copenhaver and Taghert, 1991). The completion of their
development is delayed, however, until a new set of migratory pathways
differentiates on the adjacent midgut, where a set of visceral muscle bands
coalesce at eight specific locations around the midgut surface. Once these
pathways have formed, subsets of EP cells then migrate rapidly onto each
muscle band, traveling several hundred microns over the course of 7-10
hours (Copenhaver and Taghert, 1989b). Only after this migratory phase is
complete do the neurons form mature synaptic contacts (Wright et al., 1998)
and express transmitter phenotypes (Copenhaver and Taghert, 1989a), a
developmental sequence that is regulated in part by the migratory process
(Copenhaver et al., 1996).

Exploiting the relative simplicity and accessibility of the ENS in
Manduca, we have examined the cellular mechanisms regulating neuronal

migration within the developing embryo. Intracellular injections of

16



individual EP cells in vivo have revealed a typical migratory profile: each cell
extends a leading process enriched with dynamic filopodial extensions that
contact both the muscle bands and the non-supportive interband
musculature as the neurons migrate (Horgan and Copenhaver, 1998).
Manipulations of the developing ENS in embryonic culture have
demonstrated that contact with a muscle band pathway is both necessary and
sufficient for EP cell migration, whereas muscles in the interband regions
(which are eventually innervated by these neurons) are strongly inhibitory
for migration (Copenhaver et al., 1996). These and other studies have
indicated that one or more molecular components associated with the muscle
bands (but not the interband musculature) are essential for the support of
neuronal migration in this system.

One candidate molecule that may function as a guidance cue for EP cell
migration is the adhesion receptor fasciclin II. Originally identified by a
monoclonal antibody screen of the grasshopper nervous system (Bastiani et
al., 1987), cDNA clones encoding fasciclin II were subsequently isolated from
both grasshopper and Drosophila (Grenningloh et al., 1991; Harrelson and
Goodman, 1988; Snow et al., 1988). Fasciclin II is a member of the
immunoglobulin (Ig)-related superfamily of cell adhesion receptors
(Brummendorf and Rathjen, 1993) with structural similarity to the vertebrate
receptor NCAM (Grenningloh et al., 1990). Like NCAM, fasciclin II is a
membrane glycoprotein that has an extracellular domain containing five Ig-
like C2 domains and two fibronectin (EN)-type IIl domains (Brummendorf
and Rathjen, 1993). Also like NCAM, fasciclin II is expressed in multiple
isoforms, including one or more transmembrane forms and a membrane-
associated form that is attached via a glycosyl phosphatidylinositol (GPI)

linkage to the outer leaflet of the plasma membrane (Grenningloh et al., 1991;
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Lin and Goodman, 1994). Extensive studies on the function of fasciclin II in
the developing insect nervous system have demonstrated that this molecule
acts primarily as a homophilic cell adhesion receptor (Grenningloh et al.,
1991) and participates in a number of different aspects of neuronal
differentiation, including the regulation of axonal fasciculation (Lin et al.,
1994; Lin and Goodman, 1994), synaptic stabilization and growth (Schuster et
al., 1996), and the control of proneural gene expression and neurogenesis
during metamorphosis (Garcia-Alonso et al., 1995; Whitlock, 1993). However,
unlike NCAM, which has been implicated in the guidance of several different
classes of migratory neurons (Cremer et al., 1994; Ono et al., 1994), a role for
fasciclin 11 in the control of neuronal migration has not been explored.

In this paper, we report the cloning and characterization of fasciclin II
from Manduca (hereafter designated MFas II), and we describe the
developmental patterns of fasciclin II expression with respect to EP cell
migration. We have also shown that during the migratory period, both the
neurons and their muscle band pathways express MFas II, whereas the non-
supportive interband musculature does not. Lastly, using an embryonic
culture preparation, we have tested the functional role of MFas Il with respect
to the guidance of EP cells along their normal migratory pathways. Our
results indicate that MFas II plays a key role in the migration of these
identified neurons, serving to promote or guide their motile behavior in a

tightly restricted manner within the developing ENS.

MATERIALS AND METHODS

Tissue preparation and immunoanalysis
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Synchronized egg collections were obtained from a colony of Manduca
sexta and maintained at 25°C, at which temperature embryogenesis is
complete in 100 hours (1% of development = 1 hour). Embryo staging and
whole-mount immunohistochemistry were performed as previously
described (Copenhaver and Taghert, 1989a; Wright et al., 1998). For
immunoblot analysis, tissues were collected on dry ice and rapidly
homogenized in sample buffer (1% SDS, 10% glycerol, 50 mM Tris, pH 6.7) at
100°C.  Approximately 100 pg of protein from each sample was separated on
a 10% SDS polyacrylamide gel under non-reducing conditions, transferred to
nitrocellulose, and reacted with antisera (Horgan et al., 1994). For detecting
MFas II, we used either the monoclonal antibody TN-1 at 1:20,000 (gift of Dr.
Paul Taghert; Carr and Taghert, 1988) or a mouse polyclonal antiserum at
1:2000 (gift of Dr. James Nardi). Also used in this study were antibodies
against Drosophila fasciclin I, fasciclin II, and semaphorin Ia (each at 1:5 and
1:20; gifts of Drs. Cory Goodman and Alex Kolodkin), fasciclin III (at 1:200; gift
of Dr. Peter Snow); and Manduca neuroglian (at 1:2000; gift of Dr. James
Nardi). Concentrated aliquots of several of these antibodies were also used

for the in vivo blocking experiments described below.

Microsequence analysis and cloning of MFas 11

An affinity-purified fraction of MFas II (generously provided by Dr.
James Nardi; see Nardi, 1992) was analyzed at the HHMI Biopolymer
Laboratory and W.M. Keck Foundation Biotechnology Resource Laboratory at
Yale University (New Haven). Primary and secondary sequences were
obtained from two fragments of this protein and compared with known
sequences in the Non-Redundant Protein Sequences database using the NCBI

BLAST program (Altschul et al., 1990). Oligonucleotide primers based on this
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microsequence data were used in a PCR reaction to amplify a partial clone of
MFas II from cDNA prepared from embryonic midgut mRNA. Random
primed 32P-labeled probes were prepared from this PCR product and used to
screen a cDNA library (Uni-Zapt™ XR Custom Library from Stratagene; gift of
Dr. James Nardi) generated from mRNA derived from larval CNS.
Approximately 6 X 10° plaques were screened, resulting in the isolation of 18
positive clones. Nucleic acid sequencing was performed on an automatic

sequencer (Model 373 Stretch; ABI) and confirmed by manual sequencing.

Northern blot analysis and in situ hvbridization histochemistry

For Northern blots, 32P-labeled probes were prepared from a 3 kb
subclone of the extracellular domain of MFas II after restriction digest with
either Pst I (sense) or Apa I (antisense) and used at final concentrations of 1 x
105 cpm/ml in hybridization buffer (after Horgan et al., 1995). Poly-A+-
mRNA was purified from pupal wing using the Oligotek Direct mRNA kit
(Qiagen), and 1 pg of each sample was separated on a 1% agarose gel. Samples
were then transferred to nylon membranes (Zeta Probe; from Biorad) and
hybridization with probe was performed in hybridization buffer at 65°C
overnight. Blots were washed repeatedly and exposed to film. For whole-
mount in situ hybridization histochemistry, both sense and antisense
digoxygenin-labeled probes were also prepared from the same inserts
described above using digoxigenin-11-UTP (Boeringer) after the methods of
Patel and Goodman (1992). Unhydrolyzed probes (~3,000 b) were found to
yield a stronger signal in the EP cells than probes that had been hydrolyzed to
~400 b fragments. Embryos were fixed in 5% paraformaldehyde, 0.8% Triton-
X-100 in PBS (pH 8.0) for 1 hour and incubated with the probes (1:100 in
hybridization buffer; Horgan et al., 1995) overnight at 58°C. Embryos were
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washed and reacted with an alkaline phosphatase-conjugated anti-
digoxygenin antibody (at 1:2,000; Boehringer). The embryos were then
washed in PBS/Triton for 2 hours, and bound antibody was visualized by

reaction with the appropriate substrates.

Embryonic culture

Staged embryos were isolated in a modified culture medium (Horgan
et al., 1994), restrained in Sylgard-coated chambers, and a small incision was
made in the dorsal body wall to expose the developing ENS . Experimental
and control solutions were then flushed repeatedly into this opening to
ensure complete exposure of EP cells and the muscle bands. Embryos were
then allowed to continue to develop at 28°C for 12-20 hours, then fixed in 4%
paraformaldehyde and processed for whole-mount immunohistochemistry.
For in vivo applications of blocking antibodies, IgG fractions were purified
using HiTrap Protein G columns (Pharmacia). Phosphatidylinositol-specific
phospholipase C (PI-PLC) and phospholipase B (PLB) were obtained from
Boehringer. All other reagents were obtained from Sigma, unless otherwise
specified. The distance of EP cell migration and axon outgrowth (measured
from the foregut-midgut boundary on each of the four dorsal muscle bands)
was then analyzed by photomicroscopy and camera lucida techniques. Data
from experimental preparations were normalized to matched control groups
and subjected to statistical analysis using a 2-tailed Students ¢ test. Histograms

indicate means + SEM.

RESULTS

Multiple isoforms of fasciclin IT are expressed in the developing ENS
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In previous work, Carr and Taghert (1988) showed that the TN-1
antibody produced a staining pattern in the developing CNS of Manduca
resembling the expression pattern of fasciclin II in grasshopper and
Drosophila (Bastiani et al., 1987; Grenningloh et al., 1991). Subsequently,
Nardi (1990) showed that TN-1 recognized two proteins with apparent
molecular weights of 91 kDa and 94 kDa, and that partial amino acid
sequences obtained from the 91 kDa protein showed some homology with
fasciclin Il sequences from other species (Nardi, 1992). Because these
sequences were insufficient for the complete characterization of the TN-1
epitope, we obtained two additional microsequences from tryptic fragments of
the 91 kDa protein (Glu-Met-Gln-Glu-Arg-Glu-Ser-Arg-Val-Glu-lle and Val-
Phe—Ala—His—Ser-Gly-Glu—Phe-Iso-Asp-Lue—Tyr-Glu-Ile-Gln—Tyr-Cys—Phe—Val—
Leu; see methods). These peptides showed 63% and 65% homology with
Drosophila fasciclin II, respectively, and were used to construct degenerate
oligonucleotide primers for a PCR reaction against cDNA obtained from
embryonic midgut mRNA. The resultant product was found to have strong
sequence similarity with the coding regions for fasciclin II in other species
(not shown).

Using probes derived from this PCR product, we isolated eight separate
clones from a Manduca cDNA library that contained sequences encoding
fasciclin II-like proteins. Two of these clones (with inserts of 4.0 and 5.5 kb,
respectively) were found to contain full-length coding regions for proteins
with significant homology to Drosophila and grasshopper fasciclin II (Fig. 1).
Each clone contains one long open reading frame encoding proteins with
calculated masses (Mr) of ~86.5 kDa and 92.5 kDa, respectively. The two
clones share the same 5' untranslated region and signal sequence and are

100% identical over the first 2547 nucleotides. As illustrated in Fig. 1, the
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Figure 1. Alignment of the deduced amino acid sequence of Manduca
fasciclin II (MFas IT) with fasciclin II isoforms from Drosophila (D-Fas II) and
grasshopper (G-Fas II). Conserved amino acid residues are highlighted in
black; similar residues are shaded in gray. The five immunoglobulin C2
domains (Ig-1 through Ig-5) and the two fibronectin type Tl domains (FNTII-1
and FNIII-2) are indicated by the labeled bars above the appropriate sequences.
Potential sites for N-glycosylation are indicated by asterisks. The two
isoforms of MFas II share a common extracellular domain (residues 1-730) but
have divergent C-terminal extensions, as indicated. Characteristic features
distinguishing the GPI-linked isoform of MFas II include a putative site for
GPI attachment (boxed residues) separated from a C-terminal hydrophobic
domain (dotted region) by a short linker region. The transmembrane isoform
contains a predicted transmembrane domain (TM) of hydrophobic residues
and potential sites for N-myristoylation (N-Myr) and casein kinase II

phosphorylation (CKII) within the cytoplasmic domain.
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proteins encoded by this region (amino acid residues 1-730) align well with
the extracellular domains of fasciclin II from other species, containing five
putative Ig-like C2 domains, two FN III domains, and seven potential sites for
N-glycosylation (Fig. 1, asterisks). However, the 3' ends of the two clones are
divergent. The larger clone contains a predicted transmembrane domain
(TM) and a short cytoplasmic tail with potential sites for N-myristoylation
and phosphorylation by casein kinase II. The smaller clone encodes a protein
with the characteristic features of a 3' GPI attachment site (Udenfriend and
Kodukula, 1995), including a triplet of small amino acids that comprise the
putative GPI linkage site (boxed region) followed by a short linker region and
a C-terminal hydrophobic domain (dotted region). The deduced
transmembrane protein shares substantial sequence identity with
transmembrane isoforms of fasciclin 1T in Drosophila (44%) and grasshopper
(39%), with lower sequence similarity to mouse NCAM (26%). The putative
GPI-linked protein shares 42% amino acid identity with the GPI-linked
isoform of Drosophila fasciclin II. Based on these similarities, we conclude
that these two clones encode transmembrane and GPI-linked forms of MFas
II.

We next used a combination of Northern blot and protein immunoblot
analyses to verify that both isoforms of fasciclin II are expressed in Manduca.
Riboprobes generated from a portion of the shared 5' region of the two MFas Il
clones were hybridized with mRNA from developing adult wing (an
abundant source of MFas II protein; Nardi, 1990). As shown in Fig. 2A, two
strongly hybridizing transcripts of approximately 5 kb and 6.5 kb were
consistently detected by these probes, as well as a less prevalent mRNA species
at ~11 kb. These results indicate that the native mRNA species encoding MFas

II contain additional untranslated sequences that are not present in our cDNA
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Figure 2. Analysis of MFas II-specific nRNA transcripts and protein isoforms.
A. Northern blot of poly-A*-mRNA (purified from pupal wing) reacted with
a 32P-labeled probe that was made from a 3 kb subclone of the shared
extracellular domain of MFas II. Two transcripts of ~5 kb and 6.5 kb were
strongly labeled, while a third transcript (~11 kb) was more faintly labeled. B.
Immunoblot of proteins extracted from embryonic gut (g), larval midgut
muscle bands (b), developing adult wing (w), and larval nervous system (cns)
that were labeled with an anti-MFas II antibody. Under non-reducing
conditions, two prominent bands with apparent molecular weights of ~90 kDa
and 95 kDa were consistently seen in tissue extracts containing the EP cells
(including embryonic guts and larval muscle bands), as well as in developing
adult wing extracts. Only the smaller band was detected in the larval nervous
system. C. Immunoblots of proteins extracted from embryonic guts (g) or
from the surrounding supernatant (sn) after 2 hours in culture and brief
centrifugation. In control medium, both MFas II-specific bands (~90 kDa and
95 kDa) remained associated with the gut tissue, whereas in medium
containing PI-PLC, virtually all of the 90 kDa band was liberated into the
surrounding medium. Incubation in PLB did not result in a change is
distribution of either protein band. For each sample, gut tissue was collected

from 10 embryos (60-65% of development) and pooled in culture.
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clones. Whether the 11 kb band represents an additional, as yet
uncharacterized isoform of MFas II or is simply an unprocessed form of one of
the smaller transcripts remains to be determined. Similarly, immunoblots
using anti-MFas II antibodies also revealed two strongly labeled bands (Fig. 2B)
in protein extracts from embryonic midgut (g; containing the migratory EP
cells) and from larval midgut muscle bands (b; containing the post-migratory
EP cells). Both bands were also detected in immunoblots of developing adult
wing (w), although only the lower band was consistently stained in extracts
from larval central nervous system (cns). Under the non-reducing conditions
used in this study, the apparent molecular weights of the two proteins were
~90 kDa and 95 kDa, consistent with the predicted sizes of the proteins encoded
by our cDNA clones after glycosylation.

To demonstrate that one isoform of MFas II is anchored to the external
leaflet of the plasma membrane by a GPI-modification, we treated the
developing ENS in culture with PI-PLC, an enzyme that has been shown to
cleave GPl-linkages and release glypiated molecules into the surrounding
medium (Udenfriend and Kodukula, 1995). Sets of embryonic guts containing
the EP cells (at 60-65% of development; 10 guts per set) were incubated in
culture medium in the presence or absence of PI-PLC for 2 hours. The tissue
was then gently pelleted, and detergent-solubilized extracts of both the gut
tissue (g) and the surrounding supernatant (sn) were assayed by immunoblot
analysis to determine the distribution of the two MFas II isoforms (Fig. 2C). In
control medium without PI-PLC, both isoforms remained associated with the
embryonic gut tissue, with no apparent degradation of the proteins (compare
with control immunoblot in Fig. 2B). In contrast, incubation with PI-PLC
caused virtually all of the ~90 kDa isoform to be released from the gut tissue

into the surrounding medium. Phospholipase B (PLB), which does not cleave
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GPI linkages, caused no detectable change in the distribution of either isoform.
In summary, the results shown in Fig. 2 demonstrate that two isoforms of
MFas II are associated with the developing ENS: a transmembrane isoform
(~95 kDa), and a GPI-linked isoform (~90 kDa), as predicted by the deduced

amino acid sequences of the clones described above.

Fasciclin Il is expressed by both the migratory EP cells and their muscle band

pathways

In previous work, antibodies against MFas II were found to label the EP
cells at various stages of their differentiation (Copenhaver and Taghert, 1989b;
Copenhaver and Taghert, 1991). Since fasciclin II has been shown to serve as a
neuronal recognition molecule for axon guidance in the developing insect
CNS (Harrelson and Goodman, 1988; Lin and Goodman, 1994), we examined
the developmental expression of MFas II with respect to EP cell migration.
Developmentally matched embryos were labeled either with the TN-1
antibody (which recognizes both MFas II isoforms) or by whole-mount in situ
hybridization histochemistry, using a digoxygenin-labeled probe against the
shared extracellular domain of the two MFas II clones described above (Fig. 3).

Prior to the onset of EP cell migration (50% of development), both MFas
I protein and MFas Il-specific mMRNA were expressed throughout the packet of
EP cells at the foregut-midgut boundary, as well as by cells within the
developing esophageal nerve on the foregut (en; Fig. 3A, D). In contrast, no
detectable expression of MFas II was observed within the adjacent muscle cell
layers on the foregut and midgut, although a variety of other ectodermal and
mesodermal cell types stained positively for MFas II at this time (not shown).
During the subsequent period of EP cell migration (55-60% of development),

all of the migratory neurons continued to express MFas II as they traveled

29






Figure 3. Developmental expression of MFas II transcripts and protein in the
developing ENS. (A-C): whole mount immunostaining of the developing
ENS with an anti-MFas II antibody; (D-F): whole-mount in situ hybridization
histochemistry of the ENS with digoxygenin-labeled probes against MFas II-
specific mRNA. A and D: at 50% of development, the premigratory EP cells
form a tight packet at the foregut-midgut boundary and show strong levels of
MFas II expression. Positive immunostaining can be seen in the short
filopodial processes extended by some of the EP cells onto the adjacent midgut
epithelium (A, black arrows). MFas II expression can also be seen within axon
bundles and the presumptive glial cells forming the recurrent nerve (en) that
joins the EP cells to the more anterior enteric ganglia (out of view). B and E:
at 58% of development, subsets of EP cells (black arrows) have begun to
migrate out of the original packet and continue to exhibit strong levels of
MFas II expression. In addition, the muscle cells forming the band pathways
also contain detectable levels of MFas II protein and message (open arrows;
only the mid-dorsal pair of muscle bands is shown), whereas the adjacent
interband muscle cells do not (see also Fig. 4). Cand F: at 65% of
development, the EP cells have completed their migration, but they continue
to extend axonal processes posteriorly along the muscle band pathways. MFas
I expression remains high in the post-migratory EP cells (black arrows),
including robust immunostaining within the outgrowing bundles of axons (C,
arrowheads). In contrast, the underlying muscle bands no longer exhibit
detectable levels of either MFas II-related protein or message. Paired black

hatchmarks indicate the foregut-midgut boundary; scale bar = 20 um.
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onto the coalescing muscle bands of the midgut (Fig. 3B, E, arrows), including
strong immunolabeling of the leading processes of the migratory neurons
(visible in Fig. 3B). In addition, however, both MFas II protein and MFas II-
specific mRNA could also now be seen within the muscle cells forming the
band pathways (open arrows in Fig. 3B, E). In contrast, no detectable MFas II
expression was detected within the adjacent interband musculature. By the
end of the migratory period (65% of development), this dual pattern of
expression had changed: while the post-migratory neurons continued to show
strong levels of MFas II expression (Fig. 3C, F), including robust levels of MFas
IT immunoreactivity within their axonal processes (arrowheads), the muscle
bands no longer show any detectable MFas II mRNA or protein.

This transient pattern of fasciclin II expression by the midgut muscle
band pathways was unexpected and is better illustrated in Fig. 4. As previously
noted, the muscle bands coalesce from subsets of the longitudinal muscle cells
at eight specific locations around the midgut circumference, just prior to the
onset of EP cell migration (Copenhaver and Taghert, 1989b). Shortly after their
formation, MFas II expression could be detected along the entire length of the
muscle bands (Fig. 4A and D, open arrows), coincident with the migration of
the EP cells onto the anterior ends of the bands at the foregut-midgut
boundary (black arrows). Notably, positive staining within the visceral
mesoderm was restricted to the component cells of the muscle bands, a
distinction that was readily apparent in regions of the midgut posterior to the
migratory neurons (Fig. 4B, E). As shown in Fig. 3, by 65% of development,
the post-migratory EP cells had begun to extend axons along the muscle bands
(Fig. 4C, arrowheads), a process that continues over the next 20% of
development before they branch laterally to innervate the interband

musculature (Copenhaver and Taghert, 1989a; Wright et al., 1998). However,
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Figure 4. The muscle band pathways transiently express MFas II along the
entire length of the midgut during EP cell migration. (A-C): whole mount
immunostaining of the developing ENS with an anti-MFas II antibody; (D-F):
whole-mount in situ hybridization histochemistry of the ENS with
digoxygenin-labeled probes against MFas IT-specific mRNA. At 58% of
development (A and D), the EP cells have commenced their migration onto
the midgut muscle bands (black arrows). In addition, the eight longitudinal
muscle bands of the midgut have also begun to express MFas II (open arrows
indicate the mid-dorsal pair of bands; the dorsolateral pair of bands can also be
seen near the margins of the midgut in A). Note that the muscle bands
extend the entire length of the midgut (>1 mm), whereas the EP cells will
only rhigrate for approximately 200 -250 um before stopping (compare with
Fig. 3). B and E: higher magnified view of the mid-dorsal muscle bands at
58% of development on the posterior midgut (distal to the position of the
migratory EP cells). Positive expression of both MFas II-related protein and
mRNA can clearly be detected within the muscle band cells (open arrows) but
not in the surrounding interband musculature. Curving structures labeled
't" are tracheolar branches growing onto the midgut. C and F: at 65% of
development, the post-migratory EP cells (black arrows) have begun to extend
axonal processes along the muscle bands (arrowheads; see Fig. 3). By this
stage, the muscle bands have ceased to exhibit detectable levels of MFas II.
Paired black hatchmarks indicate the foregut-midgut boundary, where
appropriate. Scale bar = 50 um in panels A, C, D, and F and 20 um in panels B
and E.
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by the time that migration was complete, MFas II expression could no longer
be detected within the muscle band cells at any position along the midgut (Fig.
4C, F). Thus, both the EP cells and their muscle band pathways express MFas II
during the migratory period but do so in developmentally distinct patterns:
whereas the migratory neurons maintain strong levels of MFas II both before
and after migration, the muscle bands express this cell adhesion receptor
transiently, exhibiting detectable levels of MFas II only during the specific time

during which the neurons are actively migrating on them.

Fasciclin II is necessary for EP cell migration

As noted earlier, surgical manipulations of the developing ENS in vivo
have shown that the muscle band pathways are both necessary and sufficient
for the normal migratory dispersal of the EP cells: manipulations that prevent
contact between the EP cells and a muscle band preclude migration, while
transplantation of the EP cells onto a muscle band will promote migration
(Copenhaver et al., 1996). Because fasciclin II has been shown to act as a
homophilic adhesion molecule in other systems (Grenningloh et al., 1990; Lin
and Goodman, 1994), the transient upregulation of MFas II on the muscle
bands coincident with the onset of EP cell migration (Figs. 3 and 4) suggested a
role for MFas II in the guidance of the migratory neurons. To test this
hypothesis, we used antibodies against MFas II as a means of inhibiting
fasciclin II-mediated interactions in vivo. Embryos were placed in culture at
50-52% of development (prior to migration onset) and minimally dissected to
expose the ENS (Fig. 5A). The EP cells were then treated either with control
medium or with medium containing affinity-purified antibodies against MFas
I, and the preparations were allowed to develop for an additional 12-15 hours

(through the completion of the migratory period). In contrast to control
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Figure 5. Perturbations of MFas II in embryo culture inhibits EP cell
migration. Preparations were fixed and immunostained with anti-MFas II
antibodies unless otherwise noted. A. Premigratory EP cells (ep) in an
embryo placed in culture at ~53% of development and then fixed
immediately to show the initial positions of the EP cells (black arrows) at the
onset of the culture experiments. MFas II expression was also present in the
cells and processes of the adjacent recurrent nerve (en). B. Control embryo |
that was placed in culture at 53% of development (panel A) and allowed to
develop in normal medium for 12 hours before fixation; note that the
migration of the EP cells (arrows) along the muscle bands proceeded
normally. C. Embryo that was cultured in medium containing 20 pg/ml
anti-MFas II antibody (affinity-purified IgG). The extent of EP cell migration
was reduced, and the neurons exhibited some aberrant clumping on the
muscle bands (arrows). D. Embryo that was cultured in the presence of 200
ng/ml anti-MFas IT IgG. In this preparation, EP cell migration was completely
inhibited, with the leading neurons (arrows) remaining at the foregut-midgut
boundary. Formation of the mid-dorsal muscle bands (open arrows) was also
partially disturbed, possibly do to incomplete gut closure. E.
Immunohistochemical staining of a 65% embryo with anti-fasciclin I
antibodies labeled a stripe of epithelium underneath the mid-dorsal muscle
bands (open arrows); the ingrowing tracheolar cells (t) were also positively
stained. F. Immunohistochemical staining of a 65% embryo with anti-
neuroglian antibodies also labeled the muscle bands (open arrows). G.
Embryo that was cultured in the presence of 100 pg/ml anti-neuroglian IgG;
the migration of the EP cells and formation of the muscle bands appeared
normal (compare with panel B). H. Embryo that was treated in culture with

PI-PLC (1 U for 60 minutes) and then allowed to continue development in
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normal medium for 12 hours. Migration of the EP cells (black arrows) was
inhibited compared to control preparations and the overall level of MFas I1
immunoreactivity was reduced. The coalescence of the muscle bands was
also partially disrupted (open arrows), although they still appeared to support
neuronal migration. Paired black hatchmarks indicate the foregut-midgut

boundary, where appropriate. scale bar = 20 um.
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embryos, in which the EP cells migrated normally along their muscle band
pathways (Fig. 5B), exposure to anti-MFas II antibodies caused a significant
inhibition in neuronal migration (Fig. 5C-D). At relatively low antibody
concentrations, the effects on migration were variable, resulting in abnormal
clumping of the EP cells that had partially migrated onto the muscle bands
(Fig. 5C). At higher antibody concentrations, migration was significantly
inhibited: whereas in control embryos, EP cells had migrated an average of 164
pm after 8 hours, in embryos treated with 200 ug/ml anti-MFas I IgG, the
average distanced of migration was only 65 um, and 20% of the preparations,
virtually all of the EP cells remained clustered at the foregut-midgut boundary
(Fig. 5D). The coalescence of the muscle band pathways also appeared to be
perturbed, a finding that is discussed below. In addition, the overall level of
MFas II staining was reduced in these preparations, possibly due to antibody-
induced receptor internalization; however, we did not observe any evidence
of necrosis or cell death within the EP cell packet or the muscle bands.

The effect on migration following treatment with either anti-MFas II
antibodies or antibodies against a number of other cell adhesion receptors is
also shown in Fig. 6A. As compared with cultured control embryos,
antibodies against MFas II caused a concentration-dependent inhibition of EP
cell migration along the midgut muscle bands. In contrast, antibodies against
Drosophila fasciclin I, fasciclin III, and semaphorin la (fasciclin IV) had no
detectable effect on migration. While not all of these antibodies labeled
components of the ENS in Manduca, anti-fasciclin III antibodies did stain the
midgut epithelium underneath the muscle bands (Fig. 5E, open arrows), as
well as the adjacent tracheolar cells growing onto the midgut surface. More
significantly, affinity-purified antibodies against Manduca neuroglian, another

member of the Ig-superfamily of cell adhesion receptors (Chen et al., 1997;
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Figure 6. Inhibition of MFas Il-mediated interactions significantly inhibits
migration. A. The extent of EP cell migration in control embryos and in
embryos incubated with antibodies against a variety of cell adhesion receptors.
The distance of migration was measured from the foregut-midgut boundary
for the leading neuron on each of the four dorsal muscle bands and
normalized with respect to control embryos. Columns labeled A and B show
the extent of migration in cultured embryos at the onset and completion of the
culture period. Columns C-E show the extent of migration in embryos treated
with anti-MFas II IgG at 1 ug/ml, 20 pg/ml, and 200 ug/ml, respectively.
Treatment with 200 pg/ml anti-MFas II IgG caused a significant inhibition of
migration (*P < 0.001). In contrast, treatment with a variety of other
antibodies produced no detectable effect on migration, including antibodies
against fasciclin I (column F), fasciclin III (column G), semaphorin 1a (column
H), and neuroglian (100 pg/ml IgG; column I). B. Both EP cell migration
(black histograms) and axon outgrowth (gray histograms) were reduced by
exposure to PI-PLC in a concentration-dependent manner. *P < 0.01; **P <
0.001. Each histogram represents data collected from at least 10 animals;
histograms indicate mean values £ SEM. Data analysis was performed using a

2-tailed Student's t test.
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Hortsch et al., 1990), showed strong immunolabeling of the midgut muscle
bands (Fig. 5F) but had no effect on EP cell migration (Fig. 5G, 6A). All of these
experiments were done in complement-free conditions, but the limited
amount of available antibody precluded the use of Fab' fragments; it is
therefore possible that some of the effects induced by anti-MFas II IgG were
due to steric interference. Nevertheless, these results support the hypothesis
that the coordinated expression of MFas II by the EP cells and their muscle
band pathways serves to promote neuronal migration within the developing
ENS.

As noted above, both the transmembrane and GPI-linked isoforms of
MFas II appear to be expressed within the developing ENS (Fig. 2). Because PI-
PLC has been previously shown to remove GPI-linked adhesion receptors
from living cells in other systems (Chang et al., 1992; Doherty et al., 1990), we
used our embryonic culture preparation to expose the premigratory EP cells to
PI-PLC for 30-60 minutes and then allowed the embryos to continue
development in normal medium. As shown in Fig. 5H, treatment with PI-
PLC caused a marked reduction in the extent of EP cell migration and also
reduced the overall level of MFas II immunoreactivity. The effects of PI-PLC
pre-treatment (before migration onset) were both concentration-dependent
and statistically significant (Fig. 6B), inhibiting both the migration and axon
elongation of the EP cells. In contrast, phospholipase B had no significant
effect on migration (not shown). Although PI-PLC treatments should remove
other GPI-linked receptors besides MFas II, these treatments did not result in a
general disruption of gut development. Rather, the enzymatic removal of
GPI-linked MFas II at this stage of development appeared to affect selectively
the progression of EP cell migration. Together with the inhibitory effects of

blocking antibodies described above, these results indicate that fasciclin II plays
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an essential role as a guidance molecule for neuronal migration in the

developing ENS.

DISCUSSION

Fasciclin II was originally characterized as a neuronal recognition
molecule in the developing insect nervous system, based on its selective
pattern of expression by specific subsets of growing axons within both the CNS
and PNS (Bastiani et al., 1987; Harrelson and Goodman, 1988). A combination
of molecular and genetic manipulations of fasciclin I subsequently
demonstrated that it may serve a variety of functions, including the selective
fasciculation of growing axons (Lin et al., 1994), synaptic stabilization and
plasticity (Schuster et al., 1996; Thomas et al., 1997), and possibly the
modulation of growth cone responses to other cell adhesion receptors
(Fambrough and Goodman, 1996; Lin and Goodman, 1994). In the present
study, we have shown that fasciclin II is also expressed by an identified class of
migratory neurons (the EP cells) and their cellular pathways (the midgut
muscle bands) during the normal period of migration. Moreover, we have
shown that in vivo manipulations designed to perturb fasciclin II-mediated
interactions consistently inhibited EP cell migration. These results
demonstrate a new role for fasciclin II, indicating that this adhesion receptor
participates in the control of multiple forms of neuronal motility.

The overall structure of fasciclin II (five Ig C2 domains plus two FN-III
domains, expressed by multiple isoforms with divergent C-terminal
sequences) suggests that it shares a common ancestral molecule with the
vertebrate adhesion receptor NCAM (Grenningloh et al., 1990). Like fasciclin
II, NCAM can be detected on growing axons and motile neurons in many

regions of the CNS and PNS (Goridis and Brunet, 1992), although its
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distribution is much more widespread than the restricted patterns of cell-
specific expression described for fasciclin IT (Harrelson and Goodman, 1988).
Also like fasciclin II, the specific functions of NCAM appear to be more
complex than originally proposed: genetic deletions of both of these receptors
produced surprisingly subtle defects (Cremer et al., 1994; Grenningloh et al.,
1991; Tomasiewicz et al., 1993), suggesting that their primary role may be to
promote axonal adhesion rather than directional guidance per se (Lin and
Goodman, 1994; Tang and Landmesser, 1993). However, one striking effect of
deleting NCAM was a significant reduction in granule cell populations within
the olfactory bulb, due to the absence of NCAM-mediated interactions required
for the migration of their precursors from the subventricular zone (Hu et al.,
1996; Ono et al., 1994). Similarly, our results indicate that fasciclin II-
dependent events are essential for the migration of the EP cells along their
muscle pathways. Thus, just as the phenomenon of cell migration occurs in
all developing nervous systems, the molecular mechanisms underlying this
basic process may be evolutionarily conserved, as well.

The deduced amino acid sequences that we obtained for MFas II (Fig. 1)
aligned well with sequences for fasciclin II from other species (Grenningloh et
al., 1991; Snow et al., 1988), including the transmembrane isoforms of fasciclin
II from both Drosophila and grasshopper and the GPI-linked isoform from
Drosophila (curiously, no GPI-linked form has been identified in grasshopper).
The proteins from all three species share similar degrees of sequence
conservation (between 39-44% amino acid identity) and are similarly
divergent from related vertebrate molecules (MFas II shares 26% identity with
mouse NCAM). Unlike the transmembrane forms of fasciclin II described for
grasshopper and fly, the cytoplasmic region of transmembrane MFas II dose

not contain a PEST domain (a motif that may confer instability to proteins
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intended for rapid turnover; Rechsteiner, 1988). The existence of a
transmembrane isoform of fasciclin IT lacking a PEST domain in Drosophila
has also been mentioned (Lin and Goodman, 1994). Whether a third, PEST+
isoform of MFas II is expressed in Manduca remains to be determined.
However, we did detect numerous ATTTA motifs in the 3' untranslated
regions of both isoforms of MFas II (eight in the GPI-linked form and ten in
the transmembrane form; not shown), which have been shown to affect
mRNA stability in other systems (Chen and Shyu, 1995). The transient
expression of MFas II by the muscle band pathways during the migratory
period may therefore be regulated in part by a rapid turnover of MFas II-

specific mRNA within these cells.

How does fasciclin II regulate EP cell migration?

The manipulations that we performed in embryo culture to perturb
fasciclin II-mediated interactions consistently inhibited EP cell migration: both
the application of blocking antibodies against MFas II and removal of GPI-
linked MFas II with PI-PLC caused significant reductions in the extent of
migration without inducing obvious signs of damage to the EP cells. While
both of these experimental approaches must be interpreted with some caution,
the fact that a number of other antibodies (including anti-neuroglian, which
also labels the muscle bands) and other enzymes (including phospholipase B)
had no effect on ENS development supports our conclusion that fasciclin II
plays an essential role in promoting EP cell migration. Still unresolved is the
specific mechanism by which fasciclin II-mediated interactions affect neuronal
motility. The simplest interpretation of our results is that the onset of MFas II
expression within the newly formed muscle bands establishes a permissive

substrate for EP cell migration onto the midgut, so that MFas II-mediated
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homophilic interactions between the neurons and the muscle bands leads to
their migration along these pathways. This hypothesis is supported by
previous work which showed that the muscle bands are both necessary and
sufficient for neuronal m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>