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Abstract

During the formation of the nervous system, many neurons transiently acquire the
ability to migrate from their point of origin to sometimes distant locations. However, little
is known of the mechanisms controlling migratory behavior. This thesis investigates the
role of one signal transduction molecule, the heterotrimeric G protein, G, and a putative
downstream molecule, CaZ*, in the regulation of this process. To study neuronal
migration, I have used an insect preparation, the moth Manduca sexta. During its
embryonic development, a population of ~300 post-mitotic neurons (the EP cells) migrates
in a stereotyped pattern on the surface of the gut to form the enteric plexus. Since the
neurons and their pathways are accessible during migration, this system allowed an in vivo
investigation of the signal transduction mechanisms involved in EP cell migration.

Initially I characterized the expression pattern of various members of the
heterotrimeric family of G proteins during embryonic development, using immunoblot and
immunocytochemical techniques. While expression of Ggg, Gig, and Gy was detected in
other regions of Manduca, only Gog, was found to be expressed in the developing EP cells.
The onset of Gop immunoreactivity in the EP cells coincided precisely with the beginning
of their migration. Levels of expression then increased during the course of migration.
Finally, after both EP cell migration and axon outgrowth were complete, Goq protein
expression was down regulated in a subset of the neurons. Upon cloning the Manduca
form of Gog, we found that MGy, mRNA was similarly expressed in the EP cells, using
both developmental Northern blot and in situ hybridization analyses.

The timecourse of Gog expression in the EP cells suggested that this protein might
participate in the regulation of EP cell migration. Using an embryonic culture preparation
which allows direct access to the individual neurons, I examined the effects of compounds
known to alter G protein activity on neuronal motility. These experiments have

demonstrated that stimulation of G, in these cells resulted in the termination of migration.
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In contrast, inhibition of G, had no obvious effect. Similarly, injection of activated G
subunits also caused a reduction in the extent of EP cell migration. These results suggest
that the function of G, might be to transduce an inhibitory signal, either to direct migration
away from inappropriate tissues or to signal the termination of migration when the cells
have reached their target destination.

Since G, has been shown to modulate Ca2+ in other systems, we investigated
whether the effects of Gog on EP cell migration involves a Ca2+ dependent process. While
EP cell migration proceeded normally in 0 mM Ca2* saline, elevating intracellular Ca2+
caused a decrease in neuronal migration. The inhibitory effects of G, stimulation were,
however, completely abolished in 0 mM Ca?* saline. In addition, when G proteins were
activated during Ca2+ imaging, large increases in intracellular Ca2+ were seen in the
majority of EP cells examined. These results support a Ca2*+-mediated mechanism of

action for the inhibitory eftects of G, on EP cell migration.



Introduction

Cellular Migration

Cellular migration is the ability of a cell body to translocate from one environment to
another. The change in environments can be subtle, such as the rearrangement of
neighboring cells during gastrulation (Hardin, 1989) and neural tube formation (Jessell et al.,
1989), or dramatic, as demonstrated by the immune response which stimulates the infiltration
of leukocytes from the bloodstream into any tissue of the body (Thelen et al., 1993). The
specific features of each type of motile behavior is inherently dependent upon the cells'
internal repertoire of signal-transduction systems, the architectural dynamics of its plasma
membrane, and the regulation of its cytoskeletal apparatus. The variability in the motile
phenotypes observed between different cell types illustrates the complexity of the underlying
mechanisms guiding the cell's movement, necessitating an investigation of multiple systems
to elucidate basic or conserved properties of motility.

Despite differences in the modes of cell movements observed between specific cell
types, studies of chemotaxis and developmental motility have uncovered some fundamental
strategies for the regulation of migration (Stossel, 1993; Cooper, 1991). In broad terms,
motile cells receive stimulation and directional information from external sources. Cells are
often stimulated to migrate by external cues in the form of diffusible molecules. Little is
known about the signals that control the cessation of migration, although recent work from
the field of neuronal process outgrowth has identified some putative signaling molecules that
may regulate this event (see below). The majority of receptors so far identified that recognize
stimulatory cues belong to two distinct types: the serpentine receptors, typically associated
with heterotrimeric G proteins (Devreotes, 1994; Dillon et al., 1988), and the receptor
tyrosine-kinases (Wehrle-Haller and Weston, 1997; Abedi and Zachary, 1995). This thesis

will be dedicated to the discussion of G protein-mediated regulation of migration; however,



preliminary evidence from other members of the laboratory have implicated tyrosine kinase
activity as an additional modulatory pathway in our system.

Some cells can also be guided, in part, by cell surface adhesion molecules that
recognize ligands in the extracellular matrix or on neighboring cells. The distinction between
receptor-mediated signal transduction and cell adhesion has become vague in recent years, as
it is now well accepted that adhesion molecules such as integrins, cadherins, and possibly the
immunoglobulin-containing superfamily, can also transduce external signals across the
membrane (Schaller et al., 1995; Klymlowsky and Parr, 1995; Brummer et al., 1995).
Additionally, adhesion serves a more fundamental role in the guidance of motility. For a cell
to move forward, connections between the cell membrane and the underlying substrate must
be made in order to produce traction (Ruoslahti and Obrink, 1996). However, these
connections are not static, since during migration, membrane extensions continue to form
new attachments at the leading edge while breaking contacts as the trailing edge retracts
(Gumbiner, 1996). The transient nature of this adhesion implies that membrane adhesion
molecules must be regulated coordinately in a cyclical pattern of high and low affinity states,
or that adhesion molecules are inserted into the membrane at the front of the cell and removed
at the rear, or both. It has been shown that the ligand-binding capabilities of integrins can be
modulated in keratinocytes and some neurons (Adams and Watt, 1993; Neugebauer and
Reichardt, 1991) by G proteins and protein kinases (Smyth et al., 1993). Their adhesive
strength can also be regulated by clustering at specific sites termed focal adhesion contacts, a
process that is mediated by cytoplasmic proteins that are themselves regulated by
phosphorylation levels (Burridge et al., 1992). The dynamic regulation of adhesive contacts
is a likely target of receptor-mediated signaling during motility, a phenomenon that is only
beginning to be understood at the molecular level.

Underlying the sensory and adhesive structures of the plasma membrane is the
cytoskeleton. Although there is some evidence that microtubules participate in cell motility of

some cell types (Rivas and Hatten, 1995), the actin-based cytoskeleton is known to play a



primary role in most forms of cellular migration (Stossel, 1993). During cell movement, the
cytoskeleton undergoes a dynamic cycling of actin assembly, disassembly, and stabilization
(Mitchison and Cramer, 1996). G-actin is a monomeric protein which forms helical
filaments (F-actin) by polymerization. That polymerization and depolymerization are
important for motility has been shown by marking and following lamellipodial actin during
fibroblast motility: actin is assembled at the distal, membrane-associated end, moves
centripetally away from the leading edge, and is disassembled proximal to the cell body
(Wang et al., 1985). Toxins such as cytochalasin which prevent actin polymerization also
inhibit motility (Forscher and Smith, 1988; Horgan and Copenhaver, unpublished
observations). Actin filaments can be bundled by proteins like ot-actinin (Condeelis and
Vahey, 1982), cross linked at high-branch angles by ABP (Niederman et al., 1983) and
bound to proteins that associate with the plasma membrane, including the B subunit of
integrins, talin, vinculin, and MARCKS (Hanks and Polte, 1997; Aderem, 1992). These
interactions serve to create a dense actin network at the leading edge of the motile cell which
can be rapidly altered in response to signal transduction events. To accomplish this, many
actin-binding proteins are regulated by changes in levels of Ca?*, kinases, and/or
phosphoinositols. For example, at the level of polymerization, the actin monomer-
sequestering protein, profilin, as well the F-actin capping protein, gelsolin, are both inhibited
by phosphoinositol binding (Lassing and Lindberg, 1985; Janmey et al., 1987). The
inhibitory regulation of polymerization can be accomplished by both gelsolin and another
capping protein, gCap 39 (MCP), which are stimulated by Ca2* (Lamb et al., 1993; Dabiri et
al., 1992). In addition, phosphorylation of actin monomers themselves inhibits their
assembly into filaments (Sonobe et al., 1986). At the level of the three-dimensional actin
structure, the cross-linking of actin filaments by a-actinin might be regulated by intracellular
Ca+ (Condeelis and Vahey, 1982), while phosphorylation or binding by Ca2+/calmodulin
inhibits the ability of MARCKS to link actin to the membrane (Greengard et al., 1993).



Our present knowledge of the intracellular mechanisms used for the transduction of
external signals into changes in adhesive and cytoskeletal dynamics is limited. To illustrate
this current understanding, several examples of motility will be described, with particular
emphasis being placed on the intracellular messengers that regulate movement. I will then
describe the novel system that we are studying, and explain the experimental rationale for the
identification of one signal transduction pathway utilized in the regulation of neuronal

migration within our system.

Chemotaxis

The directed locomotion of cells towards or away from a chemical gradient is defined
as chemotaxis. During this process, an individual cell is able to recognize an external signal,
integrate this information to determine the direction of its source, and respond to changes in
the concentration of the chemotactic agent with movement. Distinct from chemokinesis, in
which a chemical stimulates an increase in random motion (as in bacteria; Koshland, 1988;
Kleene, 1986], chemotaxis alters the direction of the cell's motion. Upon stimulation by the
appropriate chemical, chemotactic cells rapidly orient their polarity in the direction of
increasing (or decreasing) concentrations of the substance in the form of shape changes such
as the extension of pseudopods and lamellae. Subsequent regulation of cell/substratum
adhesion and cytoskeletal dynamics are then necessary to produce the traction and force
required to move the cell body. The two best studied eukaryotic model systems for
chemotaxis are Dictyostelium discoideum and mammalian leukocytes. Work on these two
cell types have enabled the dissection of some of the molecular pathways by which an

external chemical induces and regulates these intracellular changes.

Dictvostelium
The amoeboid Dictyostelium discoideum is an excellent system with which to

examine mntracellular mechanisms governing chemotaxis, largely due to its amicability to



genetic manipulation. During the life cycle of this amoeba, it remains unicellular in
conditions of plentiful food. But upon starvation, the individual cells initiate a program of
aggregation and differentiation in order to distribute spores. It is the period of aggregation
which is of interest to the discussion of chemotaxis. Groups of "founder cells" begin to
release high levels of cAMP, towards which more distant cells move. Individual cells
respond to gradients of cAMP by extending pseudopods, filopodia-like extensions of the
membrane, which orient to the direction of higher cAMP concentrations. Their response to
this stimulant is the result of the direct binding of cAMP to cell surface receptors, as has been
shown by thorough examination of cAMP receptor knockout strains (Sun et al., 1991; Insall
etal., 1994). The cAMP receptors are a part of a family of proteins that have seven
membrane-spanning domains, stereotypical of the G protein-linked receptors (Saxe et al.,
1991). Dictyostelium produces eight distinct G protein alpha subunit isoforms which share
considerable homology with mammalian G proteins (Gudermann et al., 1997). Mutants
lacking the Goi2 protein no longer orient or aggregate to cAMP (Kumagai et al., 1991). In
contrast, deletion of God prevents chemotaxis to another stimulant, folic acid, while
preserving the response to cAMP (Hadwiger et al., 1994). The six other G protein o
isoforms do not seem to be involved in this aspect of development, since null mutants retain
wild-type abilities to aggregate (Chen et al., 1996). G proteins were initially believed to act
solely through the activation of the & subunit; however, in vertebrate cells, it is now evident
that the By dimer can also modulate effector systems (Dunlap, 1997; DeWaard et al., 1997).
To date, only one [ subunit has been identified in Dictyostelium. It also plays a critical role
in chemotaxis, since its expression is required for migration towards either cAMP or folic
acid (Wu et al., 1995). The v subunit has not yet been identified in Dictyostelium.
Receptor binding of cAMP initiates a number of intracellular changes, the order and
effects of which are only partly understood. Many second messenger systems appear to be
activated in responses to cAMP; however, results gathered from genetic deletion of

individual proteins suggests that there is no one pathway that is critical for chemotaxis. The



immediate target of Ga2 is believed to be phospholipase C (PLC), which hydrolyzes PIP,
into IP3 and DAG, thereby causing the release of Ca2+ from intracellular stores and the
activation of protein kinase C (Berridge, 1993). Chemotactic responses in Dictyostelium are
mimicked by IP3 [Nicholas and Newell, 1985) and the activity of PLC can be stimulated by
nonhydrolyzable forms of GTP (Van Haastert 1995). Besides PLC activation, there is a
rapid elevation of intracellular cGMP levels as well as an influx of external Ca2+. The direct
effects of these changes in Dictyostelium are not yet known, although many cytoskeletal
components have been shown to be regulated by phosphoinositides, Ca2+, and kinases (as
summarized above). For example, these include the increase in actin polymerization,
phosphorylation of myosin heavy and light chains, and the induction, translocation and

regulation of multiple actin-binding proteins (Noegel and Luna, 1995).

Leukocytes

Chemotaxis in the white blood cell population has been the focus of intense
investigation, since this process has considerable significance for the functioning of the
immune system. Leukocyte chemotaxis is the body's main defense mechanism after tissue
injury or microbial infection in higher vertebrates. The classification of leukocytes
encompasses four different cell types, all of which require the ability to translocate from the
blood into the target tissue in order to eliminate the pathogen. Most research has concentrated
on the polymorphonuclear leukocytes (neutrophils) because they exist in greater numbers, are
easier to purify, and seem to constitute a homogenous population, as opposed to the other
immune response cell types. By using a number of chemotactic assays both in vitro (Bottazzi
et al., 1985) and, more recently, in vivo (Steinberg et al., 1997), a large variety of
compounds have been identified which stimulate the migration of neutrophils. These
chemoattractants are released from sites of injury, thus forming a natural gradient which is
sensed by circulating leukocytes. This recognition induces the activation of many cellular

responses, including motility, exocytosis, and a burst of respiration.



Elucidation of the transduction systems mediating this response to chemoattractants
has demonstrated mechanisms involving G protein and PLC activation. Receptors to
chemotactic stimuli on neutrophils are almost exclusively coupled to G proteins (Dillon et al.,
1988). For example, the complement protein C5a, the bacterial-derived formylated peptides,
platelet aggregation factor (PAF), leukotriene By, and a family of at least 16 chemotactic
molecules called the chemokines all are recognized by membrane receptors with a seven
transmembrane region motif (Imhof and Dunon, 1995). G protein involvement has been
demonstrated by the ability of pertussis toxin (a specific inhibitor of the Go/i subclass of G
proteins; West et al., 1985) to inhibit all neutrophil motility (Sprangrude et al., 1985). In
addition, both AlF4 and GTPYS, stimulators of all heterotrimeric G proteins (Bigay et al.,
1985; Andrade, 1994), mimic the responses normally seen during chemotaxis (Newell et al.,
1995; Saito et al., 1996).

The exact intracellular pathways regulated by the activation of G proteins are less well
characterized. There is evidence that several G proteins can support neutrophil activation (Hu
etal., 1992; Al-Aoukaty et al., 1996), some in a receptor-specific manner (Amatruda et al.,
1993), suggesting the involvement of multiple signal cascades or cross talk between the
pathways. What has been established is that, similar to Dictyostelium, agonist binding to G
protein-coupled receptors results in the stimulation of PLC, followed by a rapid production
of IP3 and DAG (Smith et al., 85). Intracellular levels of Ca2+ then rise and PKC is
activated (Smith et al., 85; Berridge, 1993). There is an influx of Ca2+, as well as the
opening of a non-specific cation channel (von Tscharner et al., 1986). Many aspects of
leukocyte adhesion are altered downstream of these second messengers: a class of adhesion
proteins, called the selectins, are phosphorylated at multiple residues and become translocated
to the membrane (Fujimoto and McEver, 1993; Weller et al., 1992), there is a change in the
affinity state of some integrins (Detmers et al., 1991) and an induction of immunoglobulins
(de Fougerolles and Springer, 1992; de Fougerolles et al., 1994). At the level of the

cytoskeleton, agonist binding causes an increase in the number of high affinity, barbed sites



on actin, thereby mediating an increase in its polymerization (Carson et al., 1986; Omann et
al., 1987). The intracellular levels of gelsolin, an actin-binding protein, are decreased
(Chaponnier et al., 1987), and myosin is phosphorylated by myosin chain kinase
(Fechheimer Cebra, 1983). These changes probably contribute directly to the enhanced
motility induced by chemoattractants; however, it is likely that many other components are
modulated to produce the coordinated changes necessary for movement. The similarities of
leukocyte chemotaxis to that of Dictyostelium is remarkable considering their distance
phylogenetically. The information provided by these two chemotactic systems will be useful

to the understanding of motility in other cell types.

Nervous System Development

Axon Outerowth

The study of the cell migration is of much importance with respect to the developing
nervous system, since all neurons, at least transiently, acquire the ability to move either their
cell bodies and/or cellular extensions in the form of axons and dendrites. One aspect of
neuronal motility that has implications for the understanding of migration is neuronal
outgrowth of an axon. The similarities in morphology between the tip of an extending axon,
called a growth cone, and the leading process of a migrating neuron are striking. Both
structures utilize actin-based lamellipodia and filapodia to sample the environment and
integrate external signals (Bray and White, 1988; Smith et al., 1988; Singer and Kupfer,
1986). Similar pathway markers have also been characterized for both migration and axon
outgrowth (Schlosshauver et al., 1988; Lin et al., 1994; Copenhaver et al., 1996) The relative
ease in which axon outgrowth can be induced in culture has led to the production of a large
body of literature examining the mechanisms regulating this form of motility (Chiba and
Keshishian, 1996; Whitington, 1993).

With respect to G proteins, research has suggested that several of these signal

transduction molecules are likely involved in the regulation of growth cone motility;



however, the precise mechanisms by which they function are not yet understood. In
particular, Gy is highly expressed in growth cones within the developing nervous system
(Strittmater et al., 1990; Wolfgang et al., 1991) and is ideally situated to participate in the
intracellular events necessary for the control of outgrowth. When the G, subtype of G
proteins was stimulated by mastoparan or expressed in a constitutively activated form in
cither neuroblastoma or PC-12 cells, there was a significant increase in the number and
length of the processes extended by these cells (Strittmatter et al., 1994; Xie et al., 1995).
These effects could be prevented by PKC activation (Xie et al., 1995) and enhanced by a
protein of unknown function, GAP-43 (Igarashi et al., 1995). In addition, the enhancement
of neurite outgrowth mediated by the cell adhesion molecules L1, NCAM, and N-cadherin in
a neuronal cell line was prevented by the application of the Gy; inhibitor pertussis toxin
(Schuch et al., 1989; Doherty et al., 1991). Regulation of intracellular Ca2+ levels was also
implicated as a downstream component of this interaction, because PTX prevented the
observed increase in Ca2+ that accompanied neuronal outgrowth on these adhesion molecules
(Schuch et al., 1989). In contrast, Ca* channel inhibitors blocked the increase of process
outgrowth (Doherty et al., 1993; Williams et al., 1992; Doherty et al., 1991).

Interestingly, G proteins may also play a role in the inhibition of process outgrowth.
For an axon to reach its correct destination, the cell likely receives information that guides its
movement by both stimulating motility in one direction and inhibiting it in another (Kolodkin,
1996; Mitchell et al., 1996). Ligand-induced growth cone collapse in vitro is believed to
represent an example of this inhibition (Fan and Raper, 1995; Kapfhammer and Raper,
1987), albeit in a more pronounced fashion than probably occurs in vivo. Some of the
molecules responsible for repelling axons have begun to be isolated and identified (Caroni
and schwab, 1988; Luo et al., 1993; Messersmith et al., 1995), but it remains to be
determined how these ligands ultimately modulate components of cell adhesion and
cytoskeletal structure necessary for outgrowth. However, there is recent evidence suggests

that one family of "collapsing" molecules, the semaphorins, may act via G protein-mediated



pathways (Varela-Echavarria and Guthrie, 1997). For example, Igarashi et al. showed that
collapse of retinal and dorsal root ganglion neurites induced by CNS myelin fractions was
inhibited by PTX and stimulated by mastoparan (Igarashi et al., 1993). The purified
component of this fraction, identified as collapsin, caused an increase in intracellular Ca2+
levels when applied to Xenopus oocytes that was similarly G protein-dependent (Goshima et
al., 1995). Some neurotransmitters such as serotonin and dopamine, that act via G protein-
linked receptors, also have collapsing activities which appear to be cell-type specific
(Lankford et al., 1988; McCobb ct al., 1988). The results of these inhibitory molecules on
axon outgrowth might also be due to the induction of a rise in intracellular Ca2+ levels (Polak
et al., 1991; Neely and Gesemann, 1994), as demonstrated in both vertebrate and
invertebrate cell types (Bandtlow et al., 1993; Moorman and Hume, 1993; Snow et al.,
1994). The ability of G proteins to enhance or reduce motility depending on the experimental
context might be due to different intracellular pathways coupled to various G proteins, or
possibly to cell-specific adaptations to the same receptor-mediated events. These issues will
require a more complete elucidation of the molecular components comprising signaling

mechanisms downstream of receptor activation.

Neuronal Migration

In addition to the outgrowth of axons, many neurons transiently acquire the ability to
migrate away from their place of origin and to populate and innervate more distant regions of
the embryo. There are many examples of neuronal migration in the central and peripheral
nervous systems of vertebrates, where it is clear that the neurons follow precise pathways at
specific developmental times to reach their target destination. During the development of the
cerebral cortex, neurons are initially born in the ventricular layer. Once post-mitotic,
neuronal precursors migrate radially through the intermediate zone to the cortical plate (Gray
et al., 1990; Rakic, 1971). Cellular migration is also fundamental to the development of the

peripheral nervous system. For example, the enteric nervous system of vertebrates is formed
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by the migration of neurons from the neural crest into the developing walls of the gut,
followed by an anterior and posterior migration along the gut (Gershon and Tennyson,

1991). However, the investigation of signal transduction mechanisms that mediate the timing
and guidance of these examples of migration has proven difficult: migratory neurons are
typically hard to purify; migratory behavior is hard to reproduce in vitro; and the neurons
are relatively inaccessible to direct manipulation within the developing embryo.

One exception, however, has been the migration of cerebellar granule cells.
Laboratories have begun to examine the molecular mechanisms of granule neuron migration
by using both a slice preparation and a dissociated in vitro culture assay (Rakic and Komuro,
1994; Hatten, 1990). From these experiments, it was shown that granule neurons required a
membrane molecule, astrotactin, to bind to and migrate along astroglia in culture (Fishell and
Hatten, 1991). In addition, the ECM component laminin, when applied to glass fibers,
supported neuronal migration via the B1 integrin receptor system (Fishman and Hatten,
1993). The intracellular events downstream of such ligand binding are still unknown, but
these results indicate that cell adhesion is equally important to neuronal migration as has been
seen in non-neuronal systems. Recent work by Komuro and Rakic in the cerebellum slice
preparation focused on the function of the intracellular signaling molecule Ca2+. They found
that membrane Ca?* channels were important for migration, since blockage of Ca2+, but not
Na* or K* channels, reduced the speed of granule cell motility (Komuro and Rakic, 1992).
Furthermore, the rate of movement was proportional to the levels of extracellular (Komuro
and Rakic, 1992) and intracellular Ca2+ (Komuro and Rakic, 1996). Moreover, buffering
intracellular concentrations of Ca2+ with BAPTA-AM, reduced granule cell movement
(Komuro and Rakic, 1993), demonstrating a stimulatory role for Ca2+ influx in the
regulation of neuronal migration. Further investigation into the causes of spontancous Ca2+
fluctuations in vivo, and the regulatory effects of Ca2* with respect to both cell adhesion and
cytoskeletal components, will be necessary if we are to gain an understanding of how

neuronal migration is controlled. The significance of the classical G protein signaling
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pathways in the migration of these, or other, migratory neurons is an area of research that has

not yet been examined.

Neuronal Migration in Manduca sexta

The limitations of studying the migration of neurons in vertebrates has hampered the
discovery of the regulatory mechanisms that control neuronal cell movements during the
development of the nervous system. For this reason, I have taken advantage of an insect
system, the moth Manduca sexta. During the formation of the enteric nervous system in
Manduca, a small population of neurons (the EP cells) undergoes a period of migration on
the surface of the gut musculature (Copenhaver and Taghert, 1989b). The migration of the
EP cells is very stereotyped: it occurs at a well defined developmental time and proceeds on
identifiable pathways in the embryo. The fact that these neurons, and their pathways, are
easily accessible to manipulations in vivo has allowed me to investigate the role of various
signaling molecules in migration within the context of the normally developing animal. The
evidence that some signaling molecules and transduction pathways are highly conserved
between diverse cell types (i.e. Dicyostelium and mammalian leukocytes) supports the
relevance of studying neuronal migration in a relatively simple invertebrate preparation.
Moreover, the results obtained by my research has indicated a role for G, in migrating
neurons that can now be tested in vertebrate preparations.

Since G proteins have been widely implicated in the regulation of motility in many
cell types (see above), I proposed to investigate the possibility that this signal transduction
mechanism might participate in controlling the precise migration of the EP cells observed
during the development of Manduca sexta. In addition, I tested the role of downstream
effector systems known to interact with the specific G proteins in an attempt to elucidate the
mechanisms by which the G proteins act. Specifically, I carried out the following

experimental investigations:
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Chapter 1

Developmental Expression of G proteins in a Migratory Population of Embrvonic Neurons

In order to investigate the role that G proteins might play in the regulation of motility,
it was first necessary to determine the identity of the G proteins expressed in the EP cells and
the time course of that expression. By using antibodies that recognize various alpha subunits
in the heterotrimeric G protein family, I observed expression of only a single subtype, Goa,
in the EP cells during embryogenesis. This expression coincided precisely with EP cell
motility, implicating a possible role in migration. Preliminary experimental manipulation of
G proteins in the migratory neurons suggested that the stimulation of Go activity was

inhibitory to migration.

Chapter 2

A Developmental Role for the Heterotrimeric G Protein Gy, in a Migratory Population of

Embryvonic Neurons

The further characterization of Gy and its expression was accomplished upon
cloning its Manduca homologue. It was found that MG, had considerable sequence
similarly to Gog, from other species, and that the expression of MGy, mRNA in the EP cells
followed a similar time course as that of the protein. In addition, to examine the function of
Goa, I manipulated intracellular transduction pathways by injecting reagents known to alter
normal G protein function directly into migrating EP cells. In further support of an inhibitory
role for Gy, I found that its stimulation caused a reduction in migration. This effect could be
prevented by coinjecting a G, inhibitor. However, G, inhibition alone caused no significant

effect on migration.
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Chapter 3
G Protein Mediated Inhibition of Neuronal Migration Requires CaZ+ Influx

Many of the G proteins that have been identified are classified by the effector system
to which they couple. G, has been shown in other systems to couple to the regulation of
intracellular Ca?* levels. I therefore examined whether manipulations of Ca2+ had any effect
on EP cell migration. The results suggested that elevations of intracellular Ca2+ caused a
decrease in migration, whereas buffering intracellular fluctuations of Ca2* produced
misguided migration. A role for Go in regulating Ca2* levels was supported by evidence that
the inhibitory effect of Go stimulation required CaZ*, and that stimulation of G proteins
caused Ca2* spikes in the EP cells. My results demonstrated that the Go could function via
Ca2* regulation to inhibit neuronal migration of the EP cells. However, the exact mechanism

by which Ca?* affects neuronal motility in this system remains to be determined.
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SUMMARY

Directed neuronal migration contributes to the formation of many developing
systems, but the molecular mechanisms that control the migratory process are still poorly
understood. We have examined the role of heterotrimeric G proteins (guanyl nucleotide
binding proteins) in regulating the migratory behavior of embryonic neurons in the enteric
nervous system of the moth, Manduca sexta. During the formation of the enteric nervous
system, a group of ~300 enteric neurons (the EP cells) participate in a precise migratory
sequence, during which the undifferentiated cells populate a branching nerve plexus that lies
superficially on the visceral musculature. Once migration is complete, the cells then acquire a
variety of position-specific neuronal phenotypes. Using affinity-purified antisera against
different G protein subtypes, we found no apparent staining for any G protein in the EP cells
prior to their migration. Coincident with the onset of migration, however, the EP cells
commenced the expression of one particular G protein, Gog. The intensity of
immunostaining continued to increase as migration progressed, with Gog-immunoreactivity
being detectable in the leading processes of the neurons as well as their somata. The identity
of the Gog-related proteins was confirmed by protein immunoblot analysis and by
comparison with previously described forms of Gog, from Drosophila. When cultured
embryos were treated briefly with aluminum fluoride, a compound known to stimulate the
activity of heterotrimeric G proteins, both EP cell migration and process outgrowth were
inhibited. The effects of aluminum fluoride were potentiated by alpha toxin, a pore-forming
compound that by itself caused no significant perturbations of migration. In preliminary
experiments, intracellular injections of the non-hydrolyzable nucleotide GTPy-S also
inhibited the migration of individual EP cells, supporting the hypothesis that G proteins play
a key role in the control of neuronal motility in this system. In addition, once migration was
complete, the expression of Gog-related proteins in the EP cells underwent a subsequent
phase of regulation, so that only certain phenotypic classes among the differentiated EP cells

retained detectable levels of Gog immunoreactivity. Thus Go may perform multiple
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functions within the same population of migratory neurons in the course of embryonic

development.

INTRODUCTION

The directed migration of neurons or their undifferentiated precursors is a prominent
feature in the developing nervous systems of many organisms. Besides distributing the
cellular components of a particular region to their appropriate locations, the process of
migration exposes immature neurons to a variety of epigenetic cues, thereby influencing the
morphological and biochemical phenotypes that they may subsequently express (e. g. Black et
al., 1984; Teillet et al., 1987; Walsh and Cepko, 1988; Wetts et al., 1989). At the level of an
individual neuron, several distinct extracellular and intracellular events must be coordinated
so that migration can proceed normally. The neuron must recognize appropriate cues for
orientation, presumably via specific receptor subtypes that must be expressed at the requisite
stages of development. These ligand-sensitive receptors must be coupled to one or more
intracellular signalling systems within the cell, which in turn must be competent to transduce
appropriate stimuli to one or more effector systems that are associated with the motile
apparatus of the cell. Ultimately, this sequence must result in regulated changes in the
cytoskeleton (Singer and Kupfer, 1986; Smith, 1988; Theriot and Mitchison, 1992),
although other cellular processes may also be affected, including modifications in the
secretory apparatus, reorganization of membrane-limited receptors, altered rates of organelle
transport, and specific changes in gene expression (reviewed in Singer and Kupfer, 1986;
Caterina and Devreotes, 1991). Beyond a simple activation of the locomotory process,
directed migration also requires that continued input from environmental cues be provided,
so as to prevent the uncontrolled dispersal of neurons (or other cell types) into inappropriate
domains of the developing organism (e.g. Barth, 1987; Grimstad, 1987).

Among the intracellular signalling systems that may affect motility, the heterotrimeric

G proteins (guanyl-nucleotide binding proteins) have been implicated in a number of different
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studies of both cell migration and process outgrowth. The G proteins comprise a conserved
family of molecules that are involved in transmembrane signal transduction in virtually all
eukaryotic cells (Bourne et al., 1991; Simon et al., 1991). Typically associated with specific
members of the heptahelical receptor superfamily (Mollen, 1991), G proteins become
activated in response to a ligand-receptor interaction: the o-subunit of the G protein
exchanges bound GDP for GTP; it dissociates from the By complex; and in most cases, the
activated o-subunit then exerts a modulatory effect on one or more effector systems (Stryer
and Bourne, 1986; Bourne et al., 1991; but see also Federman et al., 1992; Kleuss et al.,
1992). Several different classes of G proteins have been identified in the developing nervous
systems of both vertebrates (Pituello et al., 1991; Rius et al., 1991; Shinohara et al., 1992)
and invertebrates (Wolfgang et al., 1990; Ray and Ganguly, 1992). In particular, members
of the Go class have been associated with regions of active outgrowth and presumed
synaptogenesis (Chang et al., 1988; Garibay et al., 1991; Wolfgang et al., 1991; Asano et
al., 1992).

Go-related proteins have been shown to form a major component of growth cone-like
processes in PC-12 cells (Strittmatter et al., 1990; Edmond et al., 1990; Garibay et al.,
1991), and several different adhesion molecules stimulate process outgrowth in these cells
via one or more pertussis-sensitive mechanisms (which might involve Go; Schuch et al.,
1989; Doherty et al., 1991). Recently, the inhibitory response of neuronal growth cones to
several different collapsing factors have also been shown to be G protein-dependent (Igarashi
et al., 1993), indicating that G protein-coupled mechanisms may exert a negative regulation
on neuronal motility, as well. G proteins have also been implicated in the chemotactic
responses of non-neural cells, including polymorphonuclear leukocytes and cells of the slime
mold Dictyostelium (Devreotes and Zigmond, 1988; Caterina and Devreotes, 1991). The
mechanisms by which G proteins affect the locomotory process in these systems remain
enigmatic, however. In the case of neuronal migration, the role of particular G proteins in

regulating motility has not been examined.
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To address this issue, we have begun an investigation of neuronal migration in a
relatively simple preparation, the enteric nervous system (ENS) of the moth, Manduca sexta.
As previously described, the ENS of Manduca includes a pair of small peripheral ganglia and
a distributed population of ~300 enteric neurons (the EP cells) that occupy a branching nerve
plexus, called the enteric plexus (Copenhaver and Taghert, 1989a; Copenhaver and Taghert,
1989b; see fig. 1A). The EP cells are noteworthy in that the entire population shares a
common developmental origin, emerging from an epithelial placode in the foregut between
30-40% of embryogenesis (Copenhaver and Taghert, 1990). Immediately thereafter, the EP
cells undergo two successive waves of directed migration, first spreading down both sides of
the foregut-midgut boundary (from 40-55% of development) and then rapidly dispersing
along a defined set of muscle bands that have recently differentiated from the visceral
musculature (55-60%). It is during this second migratory phase that the mature distributions
of the EP cells are established. Only after migration is complete do the neurons commence
the expression of their mature phenotypes, at which time they exhibit a number of distinct
characteristics in a position-specific manner. For example, several distinct morphological
subtypes have been identified that correspond to the terminal locations occupied by the EP
cells on either the foregut or midgut (Copenhaver and Taghert, 1989b). In addition, one
particular subtype (designated "type B") has been shown to commence the expression of
neuropeptides related to the molluscan peptide Phe-Met-Arg-Phe-NH; (FMRFamide), but
only after the neurons have completed their migration onto the midgut (Copenhaver and
Taghert, 1989a). Both the migration and differentiation of the EP cells have been shown to
proceed in embryo culture (Copenhaver and Taghert, 1990; Copenhaver, 1993), facilitating
an investigation of the migratory process in a normal developmental context.

We now report that neuronal migration in this system coincides with the expression
of a particular G protein that may in turn regulate key aspects of migratory behavior.
Specifically, we have found that the EP cells commence the expression of a protein related to

Gog just prior to the onset of their migratory dispersal, while the levels of expression
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subsequently increase in all of the neurons throughout the period of active migration. Once
migration is complete, however, the pattern of Goy, expression in the enteric plexus
undergoes an additional phase of regulation, in that only certain subsets of the EP cells
continue to exhibit detectable levels of Go-related protein. This subsequent pattern of
expression is directly correlated with the mature phenotypes that the neurons acquire during
the maturation of the ENS. In addition, stimulating G protein activity in the EP cells with a
brief exposure to aluminum fluoride (AlF4-) or by injection of the non-hydrolyzable
nucleotide GTPy-S significantly inhibits both their migratory dispersal and subsequent
axonal outgrowth. Thus in this system, the developmental expression of Gog, is precisely
regulated with respect to the onset of neuronal migration and may play an important role in
controlling subsequent aspects of the migratory process. A preliminary account of some of

these results has appeared in abstract form (Copenhaver et al., 1992).

MATERIALS AND METHODS

Animal Preparation

A laboratory colony of Manduca sexta was used to generate experimental animals, as
previously described (Copenhaver and Taghert, 1989a). Eggs were collected in one hour
intervals as needed and maintained in a 250 C incubator. At this temperature, embryogenesis
is completed in ~100 hours (1 hour is equivalent to 1% of development). Established
schedules of external and internal markers (Dorn et al., 1987; Copenhaver and Taghert,
1989a) were used to identify specific developmental stages. Embryos were removed from
their shells and underlying membranes and dissected along the dorsal body wall to expose the
ENS in the following medium (after Chen and Levi-Montalcini, 1969; and Seecof et al.,
1971). 50% Schneider's Drosophila medium, 40% minimal essential medium (MEM) with
Hanks' salts, 9.7% heat-inactivated fetal calf serum, 0.2% ecdysone, 0.1% insulin, 0.01%

penicillin-streptomycin. Embryo cultures were also supplemented with Manduca
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hemolymph (5-10%, vol:vol; Copenhaver and Taghert, 1990; Copenhaver, 1993). Under
these conditions, semi-intact embryos can be cultured for up to 50% of subsequent
development (Copenhaver and Taghert, 1990; Copenhaver and Taghert, 1991). For
postembryonic stages, animals were dissected in a modified Weever's saline (in mM:
dextrose, 160; KCl, 40; MgCly, 18; NaCl, 4; CaCly, 3; KHyPOy4, 1.25; KHCO3, 1.25;
pH 6.5; after Levine and Truman, 1985). Animals to be processed for immunohistochemical
staining were usually fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS)
for 1 hour at room temperature. Alternatively, some animals were fixed in PLP (2%
paraformaldehyde, 10 mM NalOy4, 75 mM lysine, 37 mM phosphate buffer, pH 6.5; after
McLean and Nakane, 1974) for 2 hours, which enhanced the detection of Gog, when

visualized by immunofluorescence.

Immunohistochemistry

Fixed preparations were rinsed in PBS and incubated overnight at 40 C in an
appropriate dilution of primary antibody. An affinity-purified antiserum generated against the
conserved carboxyl-terminal decapentapeptide of the a-subunit of Go (Goldsmith et al.,
1987, gift of Drs. M. Forte and W. Wolfgang) was used at a concentration of 1:10,000 in
PBS with 0.1% Triton-X 100, 0.1% NaN3, and 10% normal serum. The specificity of this
antiserum has previously been characterized in Drosophila (Thambi et al., 1989), in which it
recognizes a single protein species (Mr ~40 X 103) that has been identified as Goy. The
antiserum is completely inhibited when preadsorbed against the carboxyl terminal
decapentapeptide of Gog, but it shows no cross-reactivity with other known Ga subunits
(Thambi et al., 1989; Wolfgang et al., 1990). An antiserum specific for the a-subunit of Gs
(designated "RM"; Wolfgang et al., 1990) was also used at a dilution of 1:6000. The
monoclonal antibody TN-1 was used as a histological marker for the EP cells at a
concentration of 1:20,000. TN-1 recognizes a cell surface molecule that is related to fasciclin

II (Nardi, 1990; Nardi, 1992) and that is expressed by specific subsets of neural and
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nonneural cells in Manduca (Taghert et al., 1986; Carr and Taghert, 1988). As previously
reported, TN-1 provides an unambiguous marker for the EP cells and their processes
throughout embryonic development (Copenhaver and Taghert, 1989b; Copenhaver and
Taghert, 1990). To characterize the expression of peptidergic phenotypes in the ENS, a
polyclonal antiserum generated against synthetic FMRFamide was used at concentrations of
1:1000-1:2000 (Copenhaver and Taghert, 1989a). For double-labelling experiments, the
anti-Gog antiserum was applied in conjunction with a monoclonal antibody that was
generated against the molluscan Small Cardiac Peptide (SCP; diluted 1:20; gift of Drs. B.
Masinovsky and A.O.D. Willows), which also stains all FMRFamide-immunoreactive
neurons in the ENS of Manduca. As the specific identity of the neuropeptides produced by
the EP cells is still in question, these anti-peptide antisera were simply used to distinguish the
type B neurons that express this particular peptidergic phenotype.

Following incubation in primary antisera, the tissues were routinely processed using
a biotinylated secondary antiserum, followed by avidin-HRP (Vector Laboratories, Inc;
Burlingame, CA), and reacted with 1.4 mM diaminobenzidine in 0.001% H,0,. Stained
preparations were then mounted in 90% glycerol in PBS plus 0.1% n-propyl gallate as an
antioxidant. For co-localization experiments, the anti-Gog, antiserum was detected with a
biotinylated anti-rabbit antiserum followed by avidin-fluorescein, while the anti-SCP
antibody was detected with an anti-mouse-rhodamine conjugate (all secondary antisera were
obtained from Vector Laboratories). Fluorochrome-labelled tissues were mounted in in 90%
glycerol in HEPES-buffered saline (pH 8.5) with n-propyl gallate. Preparations were
subsequently analyzed and photographed at 650X using Nomarski and fluorescence optics or
drawn by camera lucida techniques. Specificity controls for the anti-Gog, antiserum included
omission of the primary antiserum; incubation of embryos with antisera that are specific for
other classes of G proteins (Gig, Gsg, Gtg, Gfy; Quan, et al., 1993); and preadsorption of
the anti-Gog, antiserum with the Go-specific peptide against which the antiserum was

generated (Goldsmith et al., 1987; Wolfgang et al., 1990) .
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Immunoblot Analysis

Pooled embryonic and postembryonic tissues were collected on dry ice and then
rapidly homogenized in sample buffer at 1000 C. Approximately 100 pg protein from each
sample was separated on 10% SDS-polyacrylamide gels. The protein was subsequently blot-
transferred to nitrocellulose, which was then incubated with the same anti-Gog, antiserum that
was used for immunohistochemistry (after Otter et al., 1987). Bound antibodies were then
visualized by incubation with an anti-rabbit antiserum coupled to alkaline phosphatase,
followed by reaction with the appropriate enzymatic substrates (Promega; Madison, WI).
The specificity of the reaction was monitored by pre-incubation of the anti-Gog, antiserum
with an excess quantity of the peptide used to generate the antiserum (Goldsmith et al., 1987)
and by incubation of identical blots with antisera specific for other G protein a-subunits; no
cross-reactivity among these antisera has been detected in insect tissues (see also Wolfgang et

al., 1990; Wolfgang et al., 1991).

AlF4- Experiments

Embryos at several different developmental stages around the time of migration were
removed from their protective membranes and restrained in a Sylgard (Dow Corning; NY)
chamber under culture medium. A small opening was made in the dorsal epithelium to
expose the premigratory EP cells. In our initial experiments, the medium was then replaced
with medium containing 25-100 uM AlF;- (prepared from fresh stocks of 1 mM AICI3 and
500 mM NaF in culture medium, combined in a final ratio of 1:2000; after Jones et al.,
1990). The embryos were then allowed to develop for an additional 6-8 hours at 280C,
followed by fixation and staining with TN-1. In subsequent experiments, the time of
exposure to AlF4- was reduced by application of bacterial alpha toxin (a-hemolysin from S.
aurcus; List Biologicals; Campbell, CA). This compound has been shown to form transient

pores in most plasma membranes, rendering cells permeable to small molecules (My<4 X
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103) without inducing cell lysis (McEwen and Arion, 1985; Hohman, 1988). Alpha toxin
(0.02-0.01 mg/ml) was applied to dissected embryos in the presence of 25 uM AlF;- for 20-
30 min, followed by extensive rinsing in normal medium. The preparations were then
allowed to continue to develop for an additional 8-10 hours before fixation. Standard
controls for these experiments included both dissected and undissected embryos that were
incubated in normal medium, or animals that were incubated for 20-30 min in either AlFy- or
alpha toxin alone. As an additional control, one group of animals was incubated first with
AlF4-, rinsed, and then incubated with alpha toxin over the course of 30 min. All
preparations were subsequently labelled with TN-1 (as described above), and the extent of

EP cell migration and process outgrowth was analyzed with respect to matched controls.

Intracellular Pressure Injection

Individual EP cells were injected at specific times during their migration using a WPI
pneumatic ("Picopump”) pressure injector. Staged embryos were dissected to expose the
developing ENS and positioned under a water immersion lens on a modified Nikon UM-2
microscope equipped with an orbital stage from Meridian Instruments, Inc. (Kent, WA).
Electrodes were pulled from filament glass on a Sutter P-80/PC puller to a resistance of 10-
30 MQ (when filled with 3 M KCI). Electrodes were filled at the tip with a buffered injection
solution containing 1-10 mg/ml lysinated tetramethylrhodamine dextran amine (LRD; from
Molecular Probes, Eugene, OR) and backfilled with 1.2 M LiCl or 2 M KAC. For some
experiments, the injection solution also contained 20 mM of GTPy-S, a non-hydrolyzable
form of GTP (Stryer and Bourne, 1986). Electrodes were positioned using a
Nikon/Narishige "joystick" hydraulic manipulator. Penetration of individual cells was
monitored using a Getting Model 5A intracellular amplifier mounted in parallel with the
pressure injector. Solutions were injected using a brief series of 100 msec pulses delivered
with an ejection port pressure of ~5 psi; the ejection pressure was adjusted so that no

detectable swelling of the target cells accompanied an individual pulse. Following each
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injection, the preparations were briefly examined using a heavily filtered UV light source to
verify the number and position of labelled cells. Embryos were then allowed to continue to
develop in culture at 280 C for an additional 8-12 hr before fixation and counterstaining with
TN-1. Preparations were photographed at 650X, and the images scanned and analyzed using

a Microtek ScanMaker and Adobe Photoshop software.

RESULTS

Gog_ expression during EP cell migration
The postembryonic ENS of Manduca extends the length of the alimentary tract

(foregut, midgut, and hindgut) and innervates the superficial layers of the visceral
musculature. In the vicinity of the foregut-midgut boundary, this innervation is supplied by
the enteric plexus (fig. 1A), a branching network of nerves projecting along discrete sets of
muscle fibers on the foregut and along the eight major longitudinal muscle bands of the
midgut (L1-L4 and R1-R4). Anteriorly, the enteric plexus is connected with the enteric
ganglia of the foregut by the recurrent nerve (RN; Copenhaver and Taghert, 1991), while
posteriorly, its nerves extend most of the length of the midgut and supply a diffuse
innervation to the midgut musculature (Copenhaver and Taghert, 1989a). Within the enteric
plexus is distributed a population of about 300 neurons (the EP cells). Unlike most neurons
of the insect CNS, the EP cells do not occupy cell-specific positions but are distributed
variably among the different branches of the plexus. As previously illustrated (Copenhaver
and Taghert, 1989b), these distributions are achieved by the directed migration of the EP
cells into the different domains of the enteric plexus between 55-60% of embryonic
development (fig. 1B).

To investigate whether G proteins may be involved in regulating the motile behavior
of the EP cells, the developmental expression of different G proteins in the embryonic ENS
was examined using affinity-purified antisera against various Gy, protein subtypes (including

Gsg, Gig, Gog, and Gfy; Quan et al., 1993). Initially, during the slow, circumferential
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Figure 1. Onset of Gog, expression during cell migration in the ENS. A. Schematic
representation of the mature distribution of neurons (EP cells) in the ENS. Boxed panel
shows a dorsal view of the enteric plexus on either side of the foregut-midgut boundary
(circled arrow). The enteric plexus is connected with the anterior enteric ganglia of the
foregut by the recurrent nerve (RN); branches of the plexus extend onto specific sets of
muscle fibers on the foregut and along the eight major longitudinal muscle bands of the
midgut (L1-L4 and R1-R4). B. Camera lucida drawings of the developing enteric plexus
at successive stages of embryogenesis (shown in percent development) to illustrate the
onset and enhancement of Gog immunoreactivity during EP cell migration. Each panel
shows a dorsal view of the embryonic gut in the vicinity of the foregut-midgut boundary
(anterior is to the top of the page). At 50%, the EP cells form a discrete packet of
premigratory cells (labelled EP; compare with fig. 2) that sits adjacent to the foregut-
midgut boundary; no detectable Gog, immunoreactivity is present in the EP cells,
although there is staining in processes descending through the recurrent nerve (RN) from
the anterior enteric ganglia (ganglia are not shown). At 55%, faint levels of staining can
be seen in the leading groups of EP cells (stippled cell groups) and in their processes that
have extended onto the midgut muscle bands (arrowheads). From 55-60%, as the EP
cells migrate onto the visceral musculature of both the foregut and midgut, there is a
gradual enhancement of staining in all of the migratory neurons and their processes
(arrowheads indicate the growing tips of EP cell processes). Transient staining also
appears within the epithelium of the midgut at the dorsal midline at ~58% (arrow), during
the final phase of midgut closure. Following the completion of migration (65%), the
level of staining continues to increase both in the somata of the EP cells and in their
processes as they continue to elongate along the gut musculature (arrowheads). Curved
arrows depict the general directions of neuronal migration. Scale: 0.05 mm.
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phase of migration (40-50%), no G protein expression was seen in the EP cells, which
during this stage formed a coherent packet of cells adjacent to the foregut-midgut boundary
(structure labelled "EP" in fig. 1B; see also fig. 2A). Gog, immunoreactivity could be
detected within processes of the recurrent nerve, descending from the more anterior ganglia
(fig. 1B, 2E, arrow). Then just prior to the dispersive phase of migration (55-60%), faint
levels of Gog, immunoreactivity could first be detected in the EP cells that had become
aligned with the newly formed muscle bands on the adjacent midgut (fig. 1B, stippled
clusters; 2E, upper arrowheads). As migration proceeded (58-60%), the intensity of Gog,
staining gradually increased in the EP cells that had commenced migration. Immunoreactive
material could also be traced into the leading neuronal processes that extended along the
muscle bands of the midgut (compare TN-1 staining with Gog, immunoreactivity; fig 2). EP
cells moving laterally onto the foregut musculature also began to stain positively for Gog,
concurrent with the onset of their migration (fig. 1B, 58-60%). By ~60% of development,
the dispersive phase of migration was largely complete (Copenhaver and Taghert, 1989b);
however, the neurons continued to exhibit motile behavior in the form of axonal outgrowth
along the gut musculature until 75-80%. During this period, the intensity of Gog,
immunoreactivity also continued to increase within the EP cell bodies and their processes (fig
2H; fig. 3, arrowheads). Preadsorption of the Gog, antiserum with the Go-specific peptide
used to generate the antiserum completely blocked all immunoreactive staining (fig. 3C).
Antisera against a number of other G, subunits, including Gsg, (fig. 3D), produced no
detectable staining in either the EP cells or their processes throughout the period of migration.
While Gog-related proteins were first detectable in the EP cells just before the onset
of their migration, Goy, immunoreactivity could be seen in a number of other tissues at
substantially earlier times in development. In the embryonic CNS, Gog, immunoreactivity
was detectable in the tracts and commissures of the developing ganglia by 35% of
development and subsequently could be traced within the axonal processes of all the major

nerve roots (Copenhaver and Nichols, in preparation). Neuropilar staining was also apparent
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Figure 2. Photomicrographs of Goo immunoreactivity in the developing enteric plexus.
Panels A-D show a progression of developmental ages stained with TN-1 to show the
overall distributions of EP cells during migration; panels E-H show similar ages stained
with anti-Gog, antisera. At 54% (panel A), the EP cells still form a discrete packet on
the foregut (labelled ep), although subsets of the premigratory neurons have begun to
align with the developing muscle bands near the foregut-midgut boundary (indicated by
the horizontal black line in each panel). At this time, faint Gog-immunoreactivity can
first be detected in these leading cell groups and their processes (panel E, arrowheads).
Stained processes descending from the anterior enteric ganglia through the recurrent nerve
(RN) are also apparent (arrow). At 56% (B and F), just after migration onset, anti-Goq,
immunoreactivity is clearly present in the advancing groups of EP cells and their processes
(arrowheads). By 58% (C and G), groups of EP cells have moved onto the musculature
of both the foregut and midgut and show an enhanced level of immunoreactive staining;
transient staining can also be seen in a narrow strip of epithelium in the dorsal midgut
(open arrow), below and between the muscle bands on which the EP cells are migrating.
By 60% (D and H), most of the EP cells have migrated onto the foregut or midgut (curved
arrows), but they continue to elaborate processes along the visceral musculature, and the
level of Goo immunoreactivity continues to increase throughout the neurons and their
processes. Scale: 50 mm.
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Figure 3. Goq immunoreactivity is eliminated by preadsorption with Go-specific peptides.
(A) TN-1 stained embryo at 65% of development shows the distribution of EP cells on
the mid-dorsal muscle bands of the midgut, following the completion of migration. (b)
A different embryo of the same age, stained with the anti-Gyq, antiserum; intense
immunoreactivity is present in both the cell bodies (arrows) and in their processes that
extend posteriorly along the midgut muscle bands (arrowheads). (C) G immunoreactivity
is completely blocked when the antibody is pre-incubated with the G, specific peptide
used to generate the Gy antiserum. Unstained cell bodies (arrows) and the approximate
positions of their processes (arrowheads) can be faintly seen using Nomarski optics. Scale:
50 pm.
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in the frontal ganglion of the foregut (not shown), and as already noted, Gog,
immunoreactivity could be detected within neuronal processes that descended from the enteric
ganglia through the recurrent nerve of the foregut (fig. 1B, 2E). Several non-neural tissues
also exhibited positive staining for Gog, during embryonic and postembryonic development,
including the gonads and prothoracic glands (not shown). Transient staining of the midline
epithelium of the midgut was also apparent between 55-60% of development, coincident with
the final closure of the midgut and overgrowth of the visceral musculature (sec arrow at 58%
in fig. 1B; arrow in fig. 2G). This staining was clearly distinguishable from the
immunoreactive material within the migratory EP cells. It should be noted that several other
classes of G proteins could also be detected by immunohistochemistry in the developing
CNS of Manduca, including Gig, Gsg, and Gfy, (Copenhaver and Lagrange, unpublished
observations). However, none of these additional antisera resulted in positive staining of the
EP cells, supporting our conclusion that these neurons selectively express Gog-related

proteins around the time of their migration.

Post-migratory regulation of Go, expression

While the initial appearance of Gog in the EP cells coincided with the onset of their
migratory behavior, the levels of Gog, immunoreactivity continued to increase in the enteric
plexus even after migration was complete (fig. 2H, 3B). When we examined the distribution
of Go-related proteins in the postembryonic ENS, however, we found that the pattern of
Gog expression had changed significantly. Whereas all of the EP cells initially stained
positively for Gog, during migration, only certain subsets of the neurons remained
immunoreactive in postembryonic stages (fig. 4A). Specifically, all of the EP cells that had
migrated onto the foregut musculature continued to exhibit Gog, immunoreactivity (fig. 4B),
although the level of staining in these cells appeared more diffuse and was less clearly
associated with the plasma membrane than in embryonic stages. Within the neuronal

populations of the midgut, we found robust levels of Gog immunoreactivity, but only in a
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Figure 4. Postembryonic expression of Gy, in the enteric plexus is restricted to specific
subsets of the differentiated EP cells. (A) Cameral lucida image of the enteric plexus in
a third instar larva, stained with the anti-G¢, antiserum. All of the EP cells that migrated
onto the foregut retain detectable levels of Gog-related protein, although the distribution
of immunoreactive material in these neurons appears more diffuse than during their
migratory stage of embryonic development. (B) A photomicrograph of EP cells (arrows)
on the larval foregut, stained with the anti-G,¢, antiserum and visualized by
immunofluorescence with a fluorescein-conjugated marker. In contrast, only a subset of
the EP cells that have migrated onto the midgut still contain detectable levels of Gog-
related protein, so that immunopositive and immunonegative neurons are intermingled
along the midgut muscle bands (filled and clear cells in panel A). (C) One cluster of EP
cells on a midgut muscle band, stained with the anti-G, antiserum and a fluorescein-
conjugated secondary antiserum; a subset of the neurons and their processes are clearly
stained (solid arrows), with immunoreactive material primarily in the vicinity of the
plasma membrane. The other EP cells show no evidence of G,y immunoreactivity (open
arrows). (D) The same preparation stained with a monoclonal antibody that recognizes
FMRFamide-related peptides in the ENS, visualized with a rhodamine-conjugated
secondary antibody. Only those neurons that exhibit the peptidergic phenotype still
express detectable levels of Goq immunoreactivity (compare with C).
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subset of the EP cells that had migrated onto the muscle bands (fig. 4C). When preparations
were also labelled with an antiserum that recognized FMRFamide-related peptides in the ENS
(fig. 4D), we found that only the EP cells that exhibited this peptidergic phenotype (the "type
B" cells; Copenhaver and Taghert, 1989a) also continued (o stain positively for Gog. Thus
the expression of Gog, within the enteric plexus showed an additional phase of regulation
once migration was complete, corresponding with the differential expression of mature
phenotypes by distinct subsets of the EP cells. These observations suggest that Go may
serve an additional function within the ENS that is specific to the peptidergic class of post-

migratory neurons.

Immunoblot analysis of Gog_expression

To characterize the proteins being recognized by the anti-Gog, antiserum in Manduca,
we also performed an immunoblot analysis of extracts from a variety of embryonic and
postembryonic tissues. As shown in figure 5, a single moiety of M; ~40 X 103 was
recognized by the anti-Gog, antiserum when applied to nitrocellulose blots of protein
separated in a polyacrylamide gel. The tissue distribution of labelled proteins in these blots
corresponded well with the patterns of immunoreactivity that were revealed by the anti-Gog,
antiserum in our whole-mount preparations. In postembryonic animals, substantial amounts
of the My ~40 X 103 protein were present in extracts of larval CNS (lane B), larval midgut
muscle bands (which included the EP cells and their processes; lane C), and the enteric
plexus regions of hatchling midguts (lane F). In contrast, no proteins were labelled in
extracts from larval fat body (lane A) or from interband regions of the midgut (regions that
contains visceral muscle but were devoid of EP cells; lanes D, E), nor was any positive
signal seen in extracts from skeletal muscle or malpighian tubules (not shown). In pooled
tissues from embryos dissected at 75% of development, a protein band of similar molecular
weight was detected in extracts from both embryonic midgut (containing the post-migratory

EP cells; lane G) and in the embryonic body (which included the developing CNS; lane H).
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Figure 5. Immunoblot analysis of Gyq-related proteins in embryonic and postembryonic
tissues of Manduca. Blots were probed with the anti-Gyg antibody at 1 pg/ml or with
antibody that had been preadsorbed with Gyq-specific peptides (10 pg/ml) overnight at
40 C. Individual lanes contain extracts prepared from the following tissues (50 pg loaded
per lane). (A) Larval fat body. (B) Larval CNS. (C) Larval midgut muscle bands containing
the EP cells. (D) Larval interband muscles from the anterior regions of the midgut
(interband regions between the EP cell groups). (E) Larval interband muscles from the
posterior midgut. (F) Hatchling midgut dissected at the level of the enteric plexus. (G)
Pooled embryonic midguts taken at 75% of development. (H) Pooled embryonic bodies
(following removal of the midguts) at 75% of development. (I) Extract from Drosphila
CNS (see Thambi et al., 1989). High levels of a single Goq-like protein (M ~40X103)
were detected in the CNS of both Manduca and Drosophila (lanes B, I), and in tissue
samples that included the EP cells from embryonic (lane G) or postembryonic stages of
development (lanes C, F). An additional band was present in extracts of the embryonic
bodies (M;~30x103). All positive signals were absent when identical tissue extracts were
probed with preadsorbed antibody.
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A second labelled band of M; ~30 X 103 was also seen in the latter sample. The apparent
size of the major protein band closely matched the molecular weight of the Gog, subunit in
extracts from Drosophila brain (lane I; see also Thambi et al., 1989). As with our
immunohistochemical staining, all positive signals were completely abolished when the anti-
Gog antiserum was preadsorbed with the synthetic Gog, peptide, prior to the application of

the antiserum to the blots.

Effects of AlF4- and GTPy-S on EP cell migration

The appearance of Gog-like proteins in the EP cells coincident with the onset of their

migration suggested that G proteins might play a role in regulating one or more aspects of the
migratory process. To investigate this possibility, we exposed the EP cells in semi-intact
embryos to varying concentrations of AlF4-, a compound that has been shown to activate all
heterotrimeric G proteins in an unregulated manner (Sternweiss and Gilman, 1982; Anderson
et al., 1991) but does not affect the small-molecular weight family of ras-related proteins
(e.g. Donaldson et al., 1991). Embryos were opened in culture starting at about 52% of
development (+ 0.5%), at which time Gog, immunoreactivity could be faintly detected in the
EP cells but the migratory dispersal of the neurons had not yet commenced (fig. 6A). When
control embryos were permitted to develop in culture for 6-8 hours and then fixed and stained
with TN-1, we observed that all aspects of EP cell migration and process outgrowth
proceeded normally (fig. 6B). In contrast, when identically staged embryos were cultured in
the presence of AlF4-, we subsequently found a dramatic inhibition of both EP cell migration
and process outgrowth (fig. 6C-E), although the overall appearance of the neurons and their
expression of the surface epitope recognized by TN-1 remained relatively normal. The
examples shown in figure 6 were chosen from six separate experiments (employing a total of
53 experimental preparations) to illustrate the range of effects that we observed following
exposure to AlF4-. In most of these preparations, however, we saw little or no evidence of

migratory dispersal onto the musculature of the foregut and midgut.
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Figure 6. Effects of AlF,. treatment on EP cell migration in embryonic culture. (A) Staged
embryo (52% of development) that was fixed and stained with TN-1 to illustrate the position
of the EP cells just prior to AlF,. treatment; at this stage, the neurons have not begun the
dispersive phase of their migration (foregut-midgut boundary is indicated by the horizontal
black line in each panel). (B) Embryo that was placed in culture at 52% (same age as panel
A) and allowed to develop in normal medium for 8 hours before fixation and staining with
TN-1. Both cell migration and process outgrowth proceeded normally under these conditions.
(C-E) Embryos that were placed in culture at 52% in the presence of 20-40 mg/ml AlF4.
and allowed to develop for 8 hours. Arrowheads indicate the most dispersed groups of EP
cells in these preparations. In contrast to cultured control animals (panel B), there was a
substantial inhibition of both cell migration and process outgrowth in the presence of AlF4.
, although the EP cells remained relatively healthy in appearance and TN-1 staining.
Preparations in panels C-E were chosen to illustrate the range of migration that was observed
under these conditions. Scale: 50 um..
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We also examined the effects of AlFy- exposure at several different stages around the
onset of EP cell migration (table 1). When cultured embryos were exposed to AlFy- for
various periods between 45-50% of development, we observed only minor effects on the
timing and number of EP cells that subsequently migrated onto the midgut, although AlFy-
did impede the normal closure of the gut epithelium. In contrast, treatment with AlF-
between 50-55% (just prior to migration onset) substantially inhibited both the migration and
outgrowth of the EP cells, as also shown in figure 6. At still later stages, when the EP cells
were actively dispersing along the muscle bands (55-60%), treatments with AIF4- continued
to have an inhibitory effect on both cell migration and process outgrowth when compared to
matched controls. Thus the onset of sensitivity to AlF4- treatment coincided reasonably well
with the appearance of Gog, immunoreactivity in the EP cells (first detectable at ~52% of
development; fig. 3) and persisted throughout the period of their active migration. Similar
treatments with AlF4- were also found to inhibit process outgrowth from the CNS of
Manduca (Nichols and Copenhaver, unpublished observations), coincident with the
expression of Gog, immunoreactivity in the growing axons.

To control for non-specific effects that might result from a continuous exposure to
aluminum salts, we performed an additional set of experiments in which alpha toxin was
used to enhance the permeability of the EP cells to an abbreviated pulse of AIF4- When
embryos at 52% of development were exposed to alpha toxin alone for 20-30 minutes and
then allowed to develop for an additional 8 hours in normal medium, no significant changes
were detected in either the number of EP cells that migrated or in the extent of neuronal
migration and process outgrowth (fig. 7, slashed histograms). Similarly, when embryos
were exposed first to AlF4-, rinsed, and then exposed to alpha toxin over the course of 30
minutes, no diminution in the rate or extent of EP cell motility were subsequently observed
(chequered histograms). In contrast, both cell migration and process outgrowth were

subsequently reduced when embryos were exposed to a combination of alpha toxin and
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TABLE 1.

Developmental Stage % Inhibition of % Inhibition of

of AlF4- treatment; Cell Migration (vs. controls): _ Process Qutgrowth (vs. controls)
45-50% (pre-migration): 5% (n.m.)

50-55% (migration onset): 85% 83%

55-60% (mid-migration): 97% 90%

Effects of AlF4- treatment on EP cell motility at various stages of development.
Exposure of cultured embryos to AlF4- at times between 45-50% of development (prior to
the appearance of Gog, immunoreactivity in the EP cells) caused only minor effects on the
subsequent migration of the EP cells when compared to controls; process outgrowth in these
preparations was not measured (n.m.). Treatments applied between 50-55% of development
(around the onset of Gog, expression in the EP cells) resulted in a substantial inhibition in
both neuronal migration and process outgrowth (compare with fig. 7). Treatments applied at
still later times during migration (between 55-60%) continued to have a strong inhibitory
effect on both aspects of EP cell motility. Data represents the pooled averages from several
different experiments involving a minimum of five animals per experiment.
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Figure 7. Effects of a brief exposure to AlF4 on EP cell migration in the presence of the
pore-forming compound, alpha toxin. Embryos were placed in culture at 52% of development
(as in figure 6), allowed to develop for 6 hours at 28¢ C, and then stained with TN-1.
Camera lucida images of these preparations were then used to calculate (I) the number of
migratory EP cells, (IT) the greatest distance travelled by an EP cell, and (III) the greatest
distance of process outgrowth beyond the EP cells on each of the dorsal muscle bands (L1-
L2 and R1-R2; see figure 1A). Results were then normalized for each band with respect
to values taken from control animals; the average values and standard deviations for each
treatment group are shown in the histograms (numbers indicate the number of preparations
used for each histogram). Error bars indicate standard deviations. Statistical values were
calculated with respect to a smaller number of matched control animals in each experiment,
using a 1-tailed Student's 7-test. A (open histograms) represent control values; error bars
on these histograms were derived from pooled controls from several different experiments
to illustrate the normal variation in migration and outgrowth. B (diagonal slashed histograms):
a brief (20-30 min) exposure to 0.02-0.01 mg/ ml-1 alpha toxin alone followed by extensive
rinsing produced no significant changes in the number of EP cells that migrated or in the
distance that they migrated along the muscle bands. C (chequered histograms): sequential
treatments with 25 ug/ ml-1 AlF,. alone (for 10 min), rinsing in normal medium (for 10
min) and then alpha toxin alone (for 10 min) similarly caused no diminution in either cell
migration or process outgrowth. D (stippled histograms): exposure to 25 pg/ ml-1 AlF4.
alone for (20-30 min) produced no significant changes in the number of EP cells that
migrated or in the distance that they migrated along the muscle bands, although in some
of these preparations there was a substantial inhibition in process outgrowth (note the large
standard deviation for histogram III-C). E (solid histograms): exposure of the EP cells to
AlFy4. in the presence of alpha toxin caused a significant inhibition of all three aspects of
motility: *p<0.05 for the number of migrating EP cells (T) and the distance process outgrowth
(I1I), and *p<0.01 for the distance of of the greatest distance of EP cell migration (II).
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AlF4- for 20-30 min, followed by extensive rinsing with normal medium (solid histograms).
Exposure to AlF4- by itself during this same period had only modest effects on the number or
extent of migratory neurons (stippled histograms); in some of these preparations, however,
there was a substantial inhibition of process outgrowth, resulting in the large standard
deviation shown in histogram III-D. As with longer exposures to AlF4- alone (fig. 6), the
presence of alpha toxin in combination with AlF4- produced no obvious deleterious effects
on the level of TN-1 staining in the enteric plexus or in the general morphology of the EP
cells, despite their diminished motility.

These experiments showed that a brief exposure of the EP cells to AlF4-, a compound
that has been shown to stimulate the activation of G proteins in other systems, caused a
dramatic inhibition of neuronal motility in the developing ENS. However, while AlF4- does
not activate the ras-related family of GTP-binding proteins (Donaldson et al., 1991), it has
been shown to stimulate a number of other metabolic enzymes that are unrelated to the
heterotrimeric G proteins (e.g. Lange et al. 1986, Robinson et al., 1986). As a means of
corroborating our results with AlF4-, we also initiated a series of experiments using
intracellular pressure injections of individual EP cells with other compounds that affect G
protein activity. When individual EP cells were injected prior to the onset of migration with a
control solution containing the fluorescent marker LRD (fig. 8a), we subsequently observed
that most of the injected cells continued to exhibit both normal migration and process
outgrowth (fig. 8b). In contrast, when individual cells were injected with GTPy-S, a non-
hydrolyzable form of GTP that has been shown to activate all heterotrimeric G proteins
(Stryer and Bourne, 1986; Gilman, 1987), we observed a substantial reduction in the extent
of both migration and outgrowth in approximately 50% of the injected cells. These results,
though preliminary, support our experiments with AlF4- and suggest the extent of EP cell
migration may be regulated via the activation of one or more G protein-mediated events in the

course of neuronal development.
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Figure 8. Intracellular injection of GTPYS inhibits EP cell migration. (A) Individual EP
cell injected before the onset of migrtion with a control solution containing the fluorescent
marker LRD. (B) Example of a preparation in which an individual EP cell was injected
prior to migration (at a stage similar to that in A) and then allowed to develop for an
additional 10 hours at 28°C. Both the migration and the process outgrowth of the injected
cell were indistinguishable from that of the surrounding uninjected cells. (C) Example of
an individual EP cell that was injected with a solution containing 20 mM GTPYS. In this
preparation, both the migration and outgrowth of the injected cell were substantially
reduced. Similar effects were seen in approximately 50% of the cells treated in this manner;
images were drawn from scanned photographs of the preparations following fixation and
counterstaining with TN-1.
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DISCUSSION
Developmental Expression of G Proteins in the ENS

The results of this paper show that a protein related to the Go class of heterotrimeric

G proteins is selectively expressed by a defined population of migratory neurons, the EP
cells, and that the appearance of this protein coincides with their transition from a
premigratory to a migratory stage of development. An important consideration in evaluating
these results is the sensitivity of our methods for detecting G proteins in the developing ENS.
Several lines of evidence support our conclusion that the EP cells express only one type of G
protein, Go, coincident with the onset of their migration. As noted above, we screened
embryos with a number of antisera against other G protein subtypes (including Gs, Gi, Gt,
and Gf; Quan et al., 1993), all of which produced distinctive patterns of immunoreactive
staining in the CNS and other regions of the embryo (Copenhaver and Lagrange,
unpublished observations). We also could detect Go-related material in the CNS and in
peripheral nerve branches (including the recurrent nerve of the foregut; fig. 2) at significantly
younger ages than in the EP cells, indicating that our failure to detect G proteins in the
premigratory EP cells was not simply due to stage-specific levels of expression in the embryo
as a whole. G proteins have also been revealed by these same methods in the developing fly
embryo (Wolfgang et al., 1991), in which a number of G protein subtypes (including Go)
have been detected from the earliest stages of embryonic development; the presence of G
proteins in the ENS of Drosophila has not been examined, however.

With respect to the identity of the molecules that were recognized by the anti-Gog,
antiserum, several lines of evidence support our conclusion that the EP cells express an
authentic form of Gog, during their migration. As noted in figure 3, Gog immunoreactivity
in the EP cells was completely suppressed when the antiserum was preadsorbed with the
Gog-specific peptide that was initially used to generate the antiserum (Goldsmith et al.,

1987). In addition, Wolfgang et al. (1990) have shown that immunoreactive staining with
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this antiserum in Drosophila is not inhibited when the antiserum is preadsorbed with peptides
specific to other G proteins. Thus in the insect nervous system, the anti-Gog, antiserum
appears to recognize members of the Go class of proteins selectively. Further support for
this conclusion was found in our immunoblot analysis of protein extracts, in which this same
antiserum recognized a single band of appropriate molecular weight (M; ~40 X 103) in a
tissue-specific manner, corresponding to the distribution of immunoreactive staining in
whole-mount embryonic preparations. A single protein band of similar molecular weight has
been found in tissue extracts from Drosophila, and this protein has been shown to
correspond to authentic Go (Thambi et al., 1989; fig. 5, lane ). The appearance of an
additional band of lower molecular weight in extracts of embryonic body (fig. 5, lane H)
might be due to a degradation product of authentic Gog, or might reflect cross-reactivity of the
antiserum with another protein; however, this additional band was never seen in extracts that
included the EP cells. Again, all positive signals in the immunoblots were completely
blocked by preadsorption of this antiserum with Go-specific peptides.

While we believe that the immunohistochemical procedures used in this paper provide
a sensitive means of detecting Go-related proteins in the ENS, these results will require
confirmation with an analysis of Gog, gene expression in this system. We have recently
characterized a clone from a Manduca cDNA library that contains all the major features of
Gog in other systems (Horgan, Lagrange, and Copenhaver, in preparation), including the
conserved peptide sequence (ANNLRGCGLY) that was used to generate the anti-Goy,
antiserum. Using probes derived from this clone for in situ hybridization histochemistry, we
have now been able to detect the presence of Gog-specific mRNAs in the EP cells just prior
to their migration. This approach can now be used to examine the developmental expression

of Gog, during neuronal migration in more detail.

43



Role of G proteins in EP Cell Migration

The initial appearance of Gog-related proteins in the EP cells just prior to the onset of
migration suggests a number of possible functions for Go in the migratory process. One
obvious possibility is that the expression of functional G proteins in the neurons is required
for the initiation of migratory behavior to occur. For example, Go might be coupled to a
membrane-bound receptor that recognizes extracellular cues for migration, and in turn might
cause a stimulation of the intracellular machinery that underlies cellular motility.
Alternatively, the initial expression of G proteins might simply be coincident with the onset
of migration, in advance of some later aspect of migratory behavior in which G protein-
mediated events are required. As previously described, the migration of the EP cells is
tightly regulated, both in terms of directionality and duration: EP cell migration lasts from
55-60% of development and then abruptly stops (Copenhaver and Taghert, 1989b), and the
EP cells will migrate on the eight muscle bands of the midgut but not the adjacent visceral
musculature (Copenhaver and Taghert, 1988). Lastly, Go might serve no significant
function at all during migration, being required instead for some later aspect of EP cell
differentiation and appearing at the time of migration by coincidence alone.

As an initial means of distinguishing among these possibilities, we have used AlFy-
to stimulate all G protein activity in the EP cells just prior to migration onset. As shown in
figures 6 and 7, we found that stimulation of G protein activity caused a marked inhibition of
neuronal motility. These results support a role for Go in regulating the extent or perhaps
directionality of EP cell migration, as opposed to providing the initial trigger for migration (in
which case stimulation of Go should cause precocious or exuberant migration). For
example, the motile behavior of the EP cells might be limited in part by a variety of
membrane- or matrix-associated cues associated with their migratory environment, as has
been demonstrated for migratory cells in a number of other preparations (Heagsman et al.,
1987; Bronner-Fraser, 1990; Baird et al., 1992; Le Douarin and Dupin, 1993). By this

scenario, detection of these inhibitory cues would involve Go-coupled membrane receptors in
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the EP cells, which when stimulated would cause a termination of migratory behavior and a
transition to a subsequent phase of differentiation (including the expression of mature
neuronal phenotypes; Copenhaver and Taghert, 1989a; 1989b). Moreover, we found that
treatment with AlF4- cause an inhibition of neuronal motility throughout the period of EP cell
migration (table 1), whereas treatments applied before the onset of Gog, expression did not
cause a significant disruption in migratory behavior.

Our results support the hypothesis that a Go-mediated pathway plays an important
role in regulating the motile behavior of the EP cells: both cell migration and process
outgrowth were markedly inhibited in the presence of AlF4-, a compound that is known to
induce the activation of all heterotrimeric G proteins (Sternweiss and Gilman, 1982;
Anderson et al., 1991), but not members of the ras-related family of GTP-binding proteins
(Donaldson et al., 1991; Ktistakis et al., 1992). Several important caveats must be included
in the interpretation of these experiments, however. While we have failed to detect other G
proteins in the EP cells during migration, the possibility that unidentified members of this
family are present at low levels or are unrecognized by our antisera cannot be excluded. It is
also conceivable that the effects of AIF4- were indirect, resulting from a disruption of the
migratory pathways of the enteric plexus. In most preparations, however, all of the
morphological features of the gut (including the differentiated midgut bands of visceral
musculature) could still be distinguished, indicating that the normal pathway structures were
nominally present. Similarly, it might be argued that the effects of AlF4- were simply due to
the general toxicity of aluminum salts or to an increase in the osmolarity of the culture
medium. The fact that the pore-forming compound alpha toxin potentiated the effects of
AlF4- under conditions in which neither AlF4- nor alpha toxin alone inhibited migration
argues against this possibility. Moreover, increasing the osmolarity of our culture medium
with mannitol by as much as 60 mOsm has previously been found to have no major effects
on either EP cell migration or process outgrowth (Copenhaver and Lagrange, unpublished

observations).
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Beyond the limitation that AlF4- acts as a non-selective stimulating agent for all G
proteins, the use of AlFy- is further complicated by its reported effects on a number of other
metabolically important molecules, including glucose-6-phosphatase (Lange et al., 1986),
mitogen-activated protein kinases (Anderson et al., 1991), and Na*,K+-dependent ATPase
(Robinson et al., 1986). A number of more selective reagents have been described that can
be used to manipulate G protein activity, including non-hydrolyzable forms of GDP and GTP
(Stryer and Bourne, 1986; Gilman, 1987). Our preliminary results using intracellular
pressure injections with GTPy-S (fig. 8) provides support for the data obtained with AlFy-,
in that the introduction of a compound that should stimulate all heterotrimeric G proteins also
caused an inhibition of migration. Unlike AlF4-, GTPy-S can also stimulate members of the
ras-related family of guanyl nucleotide-binding proteins (Donaldson et al., 1991; Ktistakis et
al., 1992), so these results must similarly be viewed with caution. Several toxins that
perturb certain subsets of heterotrimeric G proteins have also been described, including
pertussis toxin (e.g. Tamura et al., 1982) and mastoparin (Higashijima et al., 1988) that have
been shown to affect Go activity in other systems. Neither of these compounds are specific
for Go, however. Proper characterization of the role of Go during neuronal migration will
require the application of G protein-selective probes to individual EP cells, such as the
injection of affinity purified antisera (Harris-Warrick et al., 1988; Bergamaschi et al., 1992)
or anti-sense oligonucleotide probes against the products of particular G protein genes

(Kleuss et al., 1991; Wang et al., 1992).

G Proteins and the Regulation of Directed Cellular Motility

Support for the regulation of EP cell migration by Go can be drawn from work on
another form of neuronal motility, the outgrowth of processes during axogenesis. Several
different classes of G proteins have been localized to regions of active outgrowth and
synaptogenesis in the CNS of both vertebrates and invertebrates (Chang et al., 1988; Pituello

etal., 1991; Wolfgang et al., 1991; Asano et al., 1992), and high concentrations of both Gi
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and Go have been found in association with growth cone membranes (Edmond et al., 1990;
Strittmatter et al., 1990; Garibay et al., 1991). Strittmatter et al. (1990) have also shown that
Gog, subunits can be activated by another growth cone protein, GAP-43, whose expression
is correlated with axonal extension and may stimulate filopodial extension (Goslin et al.,
1988; Zuber et al., 1989); the functional consequences of this interaction are as yet unknown.
Other studies have indicated that G proteins may serve a variety of functions in motile
growth cones, depending on the environmental context in which the cells are growing. In
PC-12 cells that have been treated with nerve growth factor, process outgrowth in response
to several different cell adhesion molecules is mediated in part by pertussis-sensitive G
proteins (Doherty et al., 1991; Doherty et al., 1992), which appear to stimulate growth cone
motility via the activation of one or more calcium channels (Schuch et al., 1989; Doherty et
al., 1991). In other preparations, pertussis-sensitive G proteins have been implicated in the
inhibition of calcium currents in growth cones (Man-Son-Hing and Haydon, 1992). As
demonstrated in a number of recent studies, the regulation of intracellular calcium may in turn
affect growth cone motility in a variety of ways, depending on the developmental context and
the particular cell type involved (e.g. Goldberg, 1988; Mattson et al., 1988; Silver et al.,
1989; Rehder and Kater, 1992). Recently, pertussis-sensitive G proteins have been strongly
implicated in the inhibition of cones in response to several different collapsing factors from
embryonic and postembryonic brain tissue (Igarashi et al., 1993). These results suggest that
G proteins may play a critical signalling function during the guidance of axons through the
substrates of the developing brain and peripheral nervous system. While the mechanisms by
which G proteins regulate growth cone motility are unknown, G proteins have been shown
to affect the polymerization of several major cytoskeletal proteins, either directly or indirectly
(Berlot et al., 1987; Wang et al., 1990; Cooper, 1991), which ultimately must underlie the
motile behavior of neurons and their growing processes (Singer and Kupfer, 1986; Smith,

1988; Cooper, 1991).
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G proteins have been implicated in the directed migration of non-neural cell types, as
well. Among the most extensively examined, the migratory behavior of both
polymorphonuclear leukocytes and the slime mold Dictyostelium in response to diffusible
chemotactic factors have been shown to require the activation of membrane-associated, G
protein-coupled receptors (Devreotes and Zigmond, 1988; Caterina and Devreotes, 1991).
These in turn may stimulate a variety of intracellular messenger systems (Firtel et al., 1989;
Hall et al., 1989; Newell, 1990) and result in specific changes in locomotory behavior . The
mechanisms by which these intracellular signalling pathways induce chemotaxis are still
enigmatic, however; and in the case of neuronal migration, the role of G proteins in

governing particular aspects of cellular motility remains largely unexplored.

Differential Regulation of Go Expression

A final point that deserves consideration is the differential expression of Go in the EP
cells once their mature neuronal phenotypes have been established. As already noted, all of
the EP cells began to show positive immunoreactivity for Gog, around the time of their
migration, indicating that the initial expression of the Gog, gene was uniformly regulated
within this cell population. In contrast, by the time the EP cells completed their terminal
differentiation, only certain subsets of the neurons still contained detectable levels of Gog-
related proteins (fig. 4). Among the EP cells that had migrated onto the midgut, only those
neurons that had acquired a specific peptidergic phenotype (related to the FMRFamide class
of neuropeptides) still stained positively with the Gog-specific antiserum. As previously
demonstrated, the expression of this peptidergic phenotype occurs in a position-specific
manner and is delayed until after migration is complete: FMRFamide immunoreactivity
appears only in the "type B" subset of EP cells that occupy the midgut domains of the enteric
plexus, and the timing of expression of this phenotype is regulated in part by interactions
with the post-migratory environment of the midgut (Copenhaver and Taghert, 1988; and

unpublished observations). Thus epigenetic interactions may similarly contribute to the
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differential regulation of the Gog, gene within the EP cells during the establishment of mature
neuronal phenotypes in the ENS. While Go-like proteins have previously been associated
with regions of active neuronal migration or process outgrowth (as noted above), the
subsequent expression of G proteins with respect to mature neuronal phenotypes has not
been characterized. The accessibility of the ENS throughout the period of neuronal mi gration
and differentiation should now permit us to explore these issues in the context of a normally

developing embryo.
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SUMMARY

The heterotrimeric G proteins are an extended family of guanyl nucleotide binding
proteins that serve essential functions in the mature nervous system but whose
contributions to neuronal development remain poorly understood. We have investigated
the potential role of one specific G protein, Gog, in the control of neuronal migration.
During embryogenesis of the moth, Manduca sexta, an identified population of
undifferentiated neurons (the EP cells) migrate along sets of visceral muscle bands to form
part of the enteric nervous system. Previously, immunohistochemical studies indicated the
presence of Gog-related proteins in the EP cells during migration. We have now verified
this result, using probes derived from the Gog, gene in Manduca. A clone containing the
full-length coding domain for Gog, was sequenced from a Manduca cDNA library;
digoxigenin-labeled probes were then made from this clone and used to examine the
developmental expression of the Gog, gene during embryogenesis. Gog-specific
transcripts could first be detected in the EP cells several hours before the onset of their
migration. The level of Goy expression in all of the EP cells continued to increase during
migration, but subsequently was down-regulated in a subset of the post-migratory neurons
at the time of their terminal differentiation. This pattern of regulated expression is
consistent with the distribution of Gog-related protein in the EP cells. We also used a
semi-intact culture preparation of staged embryos to investigate the effects of G protein-
specific toxins on the migratory process. Intracellular injections of the wasp toxin
mastoparan, a specific activator of Gog- and Gig-related proteins, inhibited the migration
of individual EP cells. Injections of pertussis toxin (an inhibitor of Gog, and Gig) or
cholera toxin (a selective activator of Gse) had no effect on migration, although pertussis
toxin treatments did cause a measurable increase in the subsequent outgrowth of axonal
processes. However, co-injection of mastoparan with pertussis toxin blocked the

inhibitory effects of mastoparan alone. These results suggest that Gog-coupled signaling
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events within the EP cells may down-regulate their migratory behavior, possibly in

response to inhibitory cues that normally guide migration in the developing embryo.

INTRODUCTION

During the formation of the nervous system, the directed migration of
undifferentiated cells to their mature locations plays a central role in morphogenesis and in
the expression of position-specific phenotypes by both neurons and glia. Faced with a
diversity of potential guidance cues within its local environment, a migratory cell must
respond first by selecting an appropriate pathway and then by sustaining its motile behavior
for an appropriate duration before completing its differentiation. In the vertebrate central
nervous system, for example, migratory neurons have been shown to respond to
membrane-associated cues associated with adjacent radial glia (Bartsch et al., 1992;
Fishman and Hatten, 1993) and to neurotransmitters such as glutamate and GABA, which
may act via specific receptor subtypes to regulate motility (Behar et al., 1994; Komuro and
Rakic, 1993). By contrast, the migration of neural crest cells during the formation of the
vertebrate peripheral nervous system may be affected by a variety of molecules associated
with the surrounding extracellular matrix (Bronner-Fraser, 1990), as well as potentially
diffusible compounds, such as steel factor (Wehrle-Haller & Weston, 1995) and members
of the transforming growth factor- family (Delannet and Duband, 1992) . Ultimately, the
stimulatory and inhibitory effects of these guidance cues must be integrated via intracellular
signaling cascades to induce coherent changes in cytoskeletal assembly, thereby regulating
both the traction and force generation needed to produce a motile response (Stossel, 1993).
Examples of neuronal migration have now been documented in many systems (e.g. Jacob,
1984; Salser and Kenyon, 1992), but the molecular events that underlie this fundamental

process have remained enigmatic. -

52



We are investigating the intracellular signaling mechanisms that regulate neuronal
motility in the enteric nervous system (ENS) of the moth, Manduca sexta. As previously
described (Copenhaver and Taghert, 1989b), the formation of the ENS requires an
extended phase of directed migration, during which a population of ~300 neurons (named
the EP cells) become distributed along a branching nerve plexus on the visceral musculature
(the enteric plexus; Fig. 1A). Following their initial generation from an ectodermal placode
in the embryonic foregut (Copenhaver and Taghert, 1990), the EP cells spread bilaterally
around gut, adjacent to the foregut-midgut boundary. Then, starting at about 55% of
development, the EP cells participate in a rapid phase of migration (Fig. 1B), dispersing
along a set of eight longitudinal muscle bands on the midgut and along radial muscle fibers
on the foregut. Manipulations done in semi-intact embryos have shown that these muscle
band pathways are necessary for EP cell migration: surgically isolated subsets of EP cells
will continue to migrate along individual muscle bands (but not onto the interband domains
of the visceral musculature), while ablation of one or more of the muscle bands prevents
neuronal migration in the vicinity of the ablated pathway (unpublished data). The
accessibility of the EP cells in embryonic culture has allowed us to examine the molecular
mechanisms that control migration in the context of normal development.

Recently, we showed by immunohistochemical analysis that the onset of EP cell
migration coincides with the expression of one specific member of the heterotrimeric G
protein family, Gog, (Horgan et al., 1994, and Fig. 1). The G proteins (guanyl nucleotide-
binding proteins) comprise an extended family of intraceltular signaling molecules, each
consisting of an o, B, and y subunit (Gilman, 1987; Simon et al., 1991). These proteins
are typically associated with members of the moderately conserved, heptahelical class of
receptors (Mollen, 1991), although they may also interact with a variety of non-receptor
proteins, as well (Nishimoto et al., 1993; Strittmatter et al., 1994). A number of G
proteins exhibit regional patterns of expression within the developing nervous system (e.g.

Rius et al, 1991; Shinohara et al., 1992), but the functional significance of these patterns is
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Figure 1. Migration of the EP cells into the enteric plexus coincides with their expression
of Gy immunoreactivity. (A) The mature enteric plexus (dorsal view); EP cells are
distributed along the eight muscle bands on the midgut (L1-L4 and R1-R4) and in radial
nerve branches on the foregut. (B) From 55-60% of embryogenesis, EP cells migrate into
the enteric plexus; Goq immunoreactivity first appears in neurons around migration onset
(arrowheads), and then later is seen in axonal processes (small arrows). Double arrow =
foregut-midgut boundary. RN, recurrent nerve. Scale = 0.05 mm.
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poorly understood. In particular, members of the Gog, subtype are often highly expressed
in regions of neuronal outgrowth and synaptogenesis in the developing CNS (Copenhaver
et al., 1995; Wolfgang et al., 1990; Chang et al., 1988); they also comprise a major
fraction of total protein in growth cone membranes (Edmond et al., 1990). G proteins
have been implicated in the regulation of growth cone motility (Igarashi et al., 1993;
Strittmatter et al., 1994) and in the chemotactic behavior of both polymorphonuclear
leukocytes and the slime mold Dictyostelium (Devreotes and Zigmond, 1988). With
respect to the migration of neurons in a developing embryo, however, the role of specific G
proteins has remained undefined.

To determine the identity of the G protein being expressed by the migratory EP
cells, we have now cloned and sequenced a full-length cDNA encoding an authentic form
of Gog, in Manduca. Using probes derived from this clone, we have shown that the
expression of the Gog, gene commences in the EP cells just prior to the onset of their
migration. The levels of expression in all of the neurons increase throughout the migratory
period, but are subsequently down-regulated in a subset of EP cells, coincident with the
differentiation of their mature phenotypes. In addition, we have employed an embryonic
culture preparation to inject G protein-specific toxins (mastoparan, pertussis toxin, and
cholera toxin) within individual EP cells during their migration. The results of these
experiments support a role for Gog, in regulating the extent or duration of neuronal

migration within the developing ENS.

MATERIALS AND METHODS

Tissue preparation and immunoanalysis

Timed egg collections were taken from a laboratory colony of Manduca sexta and
incubated at 25°C; at this temperature, embryonic development is complete in 100 hr (1 hr
is equivalent to 1% of development). Embryos were staged according to a schedule of

internal and external markers (Copenhaver and Taghert, 1989a). Animals were dissected
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to expose the ENS as described in Horgan et al. (1994). For immunohistochemical
staining, animals were fixed in 4% paraformaldehyde for 1 hr at room temperature. For
immunoblot and Northern blot analyses, tissues from identically staged animals were
dissected in culture medium and immediately frozen on dry ice. To visualize the EP cells,
embryos were incubated in whole-mount with the monoclonal antibody TN-1 (1:20,000;
gift of P. Taghert), which recognizes a molecule related to fasciclin IT (Nardi, 1992, and P.
Copenhaver, unpublished data) that is expressed by the neurons throughout their migration
(Copenhaver and Taghert, 1989b). Gog-related proteins were detected using an affinity-
purified antiserum against Gog at 1:10,000 (Goldsmith et al., 1987, gift of M. Forte).
The specificity of this antibody for Gog has previously been described in detail (Horgan et
al., 1994; Wolfgang et al., 1990). Bound antibodies were visualized using the avidin-
biotin-HRP protocol of Vector Laboratories (Burlingame, CA). For immunoblotting,
protein was extracted from pooled tissue samples and quantified using the BCA protein
assay method (Pierce; Rockford, IL). 100 pg of each protein sample was then separated on
10% acrylamide gels, blot-transferred to nitrocellulose, and reacted with the same anti-Goy,
antiserum used for immunohistochemistry (at 1-5 pg/ml). Bound antibody was visualized
with an alkaline phosphatase-conjugated secondary antiserum, followed by reaction with
nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (Promega; Madison, WI).
Isolation and sequencing of Gog-related ¢cDNAs

A cDNA library from Manduca brain (in Lambda ZAP; gift of F. Horodyski) was
screened with a 32P-labeled probe, prepared by nick-translation from a 1.2 kb BamHI-
EcoRI fragment of a clone for Drosophila Gog, (Thambi et al., 1989, gift of M. Forte).
Hybridizations were performed in 5X SSC, 5X Denhart's solution, 1% SDS, 50 mM
NaPj, and 1% dry milk for 48 hr at 370C. Approximately 4 X 105 plaques were screened.
The filters were then washed at low stringency in 1X SSC, 0.2% SDS, at 50°C. Positive

clones were further characterized by restriction digests, and selected fragments were
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subcloned into Bluescript for sequencing by the dideoxy nucleotide chain termination

method (Sanger et al., 1977).

Northern blot analysis

RNA was prepared from embryonic and post-embryonic tissues using the Tri-
Reagent extraction method (MRC; Cincinnati, OH). Approximately 10 ug total RNA of
each sample was separated on 1% agarose-formaldehyde gels and transferred onto nylon
membranes. Gels were stained with methylene blue to monitor for equal loading. The blots
were then destained and hybridized for 72 hr at 62°C in 0.9% NaCl and 1% SDS, using
the High Efficiency Hybridization System of MRC (Cincinnati, OH). Random hexamer
32P-]abeled probes were prepared from an 800 bp Eco RVEcoRV fragment from the 5' end
of the Manduca cDNA clone for Gog. A control probe was also made against a 600 bp
EcoRl/BamHI fragment from a Drosophila cDNA clone for the ribosomal 49 kDa protein
(gift of M. Forte). Washes were done in 1% SDS, 1X SSC, at room temperature and at

559C. Blots were then exposed to x-ray film for 24-72 hr.

Whole-mount In Situ Hybridization

Animals were dissected to expose the ENS and fixed with 4% paraformaldehyde
for 1-2 hr, dehydrated in ethanol, and then re-hydrated into PBS plus 0.1% Tween-20.
The tissue was then re-fixed for 20 min and digested for 5 min with 50 ug/ml Proteinase K
(Boehringer, Indianapolis, IN). After rinsing in 2 mg/ml glycine, the tissue was fixed
again for 20 min and incubated in hybridization solution (50% deionized formamide, 5X
SSC, 10 pg/ml herring sperm DNA, 100 pg/ml tRNA, 50 pg/ml heparin, 0.1% Tween
20, in DEPC-treated dH20). The tissue was then hybridized with digoxigenin-labeled
probes made from the same EcoRI/EcoRV fragment of the Gog, clone described above,
using digoxigenin-11-UTP (Boehringer) after the method of (Tautz and Pfeifle, 1989).

Probes were boiled for 5 min and then added to the hybridization solution at 20% (vol/vol),
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for hybridization against the tissue for 48 hr at 489C. Alternatively, single-strand probes
were generated in both sense and antisense configurations by linearizing the Gog, clone and
generating runoff probes using T7/T3 primers with 7ag polymerase (Promega) in a PCR
reaction, after the method of Patel and Goodman (1992). Probes prepared in this manner
were then fragmented by boiling for 40-60 min in hybridization buffer before being added
to tissue samples. After rinsing, the tissue was incubated in an alkaline phosphatase-
conjugated anti-digoxigenin antibody (Boehringer; diluted 1:2000) that had been pre-
adsorbed against Manduca skeletal muscle. Detection of bound antibody was performed in
100 mM NaCl, 50 mM MgCl,, 100 mM Tris, 100 M levamisol, 0.1% Tween-20, pH 9.5

and the appropriate enzymatic substrates.

Embrvonic_culture and intracellular injections

Staged embryos were isolated in a modified culture medium and minimally
dissected to expose the developing ENS (Horgan et al., 1994). G protein-specific toxins
(suspended in culture medium, with 0.1% DMSO) were then introduced by bath
application directly onto the developing ENS. Alternatively, individual EP cells were
injected at specific times during migration with a WPI pressure injector, while viewing the
preparation with a modified Nikon UM-2 compound microscope equipped with Nomarski
optics and a 40X water immersion lens. Electrodes were filled at the tip either with a
buffered control solution (containing mixtures of 10-20 mg/ml tetramethylrhodamine
dextran and biotin dextran; from Molecular Probes, Eugene, OR), or with the same control
solution mixed with G protein-specific toxins (from Biomol; Plymouth Meeting, PA).
Mastoparan was prepared at an injection concentration at 100-500 uM; pertussis toxin
(activated A protomer) was prepared at an injection concentration of 50-100 pg/ml; cholera
toxin was pre-activated by incubation with dithiothreotol (50 mM for 20 min at 37° C) and
injected at 100 pg/ml. Actual intracellular concentrations of these toxins were

approximately 100 fold lower, based on our estimates of injection volumes. For bath
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application, pertussis toxin (intact molecule; Gibco/BRL) was pre-activated with 1 M
dithiothreotol and used at concentrations of 10-100 ng/ml.

Following these treatments, the embryos were then allowed to develop for 12 hr at
280C, after which they were fixed, incubated in avidin-HRP (Vector Laboratories), and
reacted with 1.4 mM diaminobenzidine (DAB), 0.001% H>O», and 1% NiCl, which
resulted in a black reaction product in the injected cells. The preparations were then
counterstained with the antibody TN-1 as described above, using DAB-H,0; without NiCl
(to produce a brown reaction product). Using photomicrography and camera lucida
techniques, the distance of migration and axonal outgrowth was then calculated for all EP
cell groups on the dorsal midgut pathways. Migratory distances in both experimental and
control preparations were measured with respect to the foregut-midgut boundary, pooled
by group, and subjected to statistical analysis using Student's T test. For neurons that had
been intracellularly injected, the distance of migration was calculated as a percentage of the
distance traveled by the leading neuron on the same pathway, to normalize for intrinsic
variability between different EP cell groups. The relative distributions of injected and
uninjected EP cells were then photographed and documented by camera lucida techniques
for statistical analysis. In some preparations, individual EP cells were also labeled with a
solution of 25 mg/ml Dil (1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine

perchlorate; Molecular Probes).

RESULTS

Isolation of a ¢DNA clone for Goy

To show that the migratory EP cells express authentic Gog, during their migration,
we used probes derived from a clone of Drosophila Gog (Thambi et al., 1989) to screen a
Manduca cDNA library made from developing adult brain mRNA. Two distinct inserts
(approximately 1.8 kb and 3.6 kb) were isolated and characterized by restriction analysis.

Based on similarities with the restriction digest pattern for Drosophila Gog, the 1.8 kb
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insert was selected for further analysis; the identity of the 3.6 kb insert is still under
investigation. The complete nucleotide and deduced amino acid sequences of the 1.8 kb
clone are shown in Fig. 2. The insert contains one long open reading frame encoding a
354-residue protein with a calculated mass (Mr) of ~40.6 X 103. The initiator methionine
was selected by alignment with the conserved Met-Gly-Cys sequence found at the amino
termini of other G, subunits. The nucleotide sequence around the proposed initiator ATG
(CTGCCATGG) is also a good match for the Kozak consensus sequence for translation
initiation (CC(A/G)CCATGG; Kozak, 1986). The predicted protein contains many of the
hallmark features found in other G proteins, including several conserved sequence domains
(regions A, C, E, G in Figs. 2 and 3) that are thought to be important for GTP binding and
hydrolysis (Halliday, 1984). The clone did not include an obvious polyadenylation site,
however, suggesting that it does not contain a complete 3' untranslated region.

Fig. 3 shows the alignment of the deduced amino acid sequence with sequences for
G proteins from other species. There is strongest conservation between the Manduca
protein and other members of the Gog, family, including the two reported isoforms of
Drosophila Gog, (both 93% identical; Thambi et al., 1989) and rat Gog, (82%; Jones and
Reed, 1987), with substantially less similarity to Drosophila Gigy, and Gsg, (64% and 43%
respectively; Provost et al., 1988; Quan et al., 1989). Sequence conservation is particularly
strong in regions that distinguish Gog-related proteins from other G proteins (Masters et
al., 1986). For example, residues 116-148 are 94% identical to fly Gog, and 78% identical
to rat Gog, but only 50% and 34% identical to fly Gig and Gsg, respectively. In addition,
the carboxy-terminal decapentapeptide is 100% conserved with rat Gog, which encodes the
peptide sequence that was used to generate the Gog-specific antiserum described above
(Goldsmith et al., 1987). This region also contains a cysteine four residues from the
carboxy terminus (asterisk in Fig. 2) that represents the predicted site for ADP-ribosylation
by pertussis toxin (West et al., 1985). Together, these similarities indicate that the 1.8 kb

insert encodes a full-length sequence for Manduca Goy,
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Figure 2. A cDNA from Manduca encodes an authentic form of Goq. (A) Restriction map
of the 1.8 kb clone. (B) Nucleotide and deduced amino acid sequence of the single large
open reading frame. Nucleotide #1 indicates the ATG translation start codon. Putative
regions of guanyl nucleotide binding and hydrolysis (A, C, E, and G) are overlined. The
C-terminal decapentapeptide (underlined) shows 100% conservation with rat G, Asterisk
shows the putative binding site for pertussis toxin.
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Miog 1-68
DGogl 1-58
DGoged 1-31
RGagy 1-68
DGig 1-63
DGay 1-78

Maog 69146
Dlag 69-146
RiGog 69-146
BGig 70-146
NGsg T9-156

MGog147-224
DGog147-223
RGogid7-223
DGigld7-233
DGSE157~233

MGog225-300
DGog224~299
RGo@Z24-233
DGip224-299
DGsg234-311

MGo301-354
DGog300-354
RGog300-354
DGig300-355
DGsg313-386

Figure 3. Alignment of amino acid sequence for Manduca G,q, with other G subunits.
The deduced sequence from the 1.8 kb clone (MG, has been aligned with the two known
isoforms of Drosophila Gog, (DGog1 and DGggp), rat Gog (RGog), Drosophila Gio, (DGig)
and Drosophila Ggg, (Ggo). Residues identical to Manduca G are shown as shaded
asterisks. Putative regions of guanyl nucleotide binding and hydrolysis (A, C, E, and G)
in the Manduca sequence are overlined (see fig. 2).



Tissue distribution of Goy gene expression

When immunoblots of Manduca protein were stained with an antibody specific for
Gog, (Fig. 4A), a single prominent protein species was detected in extracts from
prothoracic gland (lane PT), nervous system (lane NS), and the midgut muscle bands (lane
B; which included the post-migratory EP cells), but not in extracts of the adjacent interband
musculature (lane IB; lacking the EP cells) or in several control tissues (including skeletal
muscle and fat body; see also Horgan et al., 1994). The immunoreactive protein had an
apparent molecular mass of ~40 X 103, which coincided with the predicted mass of the
protein encoded by the 1.8 kb clone for Manduca Goy, and with authentic Gog, from
Drosophila (Wolfgang et al., 1991). The larger protein species (~47 X 103) in nervous
system extract was only rarely observed and may be due to incomplete denaturation. When
probes against the 5' end of the cloned cDNA for Manduca Gog, were used in a Northern
blot analysis of the same tissues, a similar expression pattern for Gog-related transcripts
was found (Fig. 4B). An intensely hybridized mRNA of about 6 kb was seen in
prothoracic gland, nervous system, and bands, with only trace amounts being detectable in
the other tissues. A second transcript (approx. 3.5 kb), though much less strongly
hybridized, showed a similar distribution pattern. In Northern blots that were substantially
overexposed, a third transcript at about 2 kb was also detected in all tissues examined (not
shown). Methylene blue staining of the 1.8 kb ribosomal RNA band (fig. 4B, lower
panel) indicated that equivalent amounts of RNA were loaded in each lane. These results
showed that the distribution of transcripts corresponding to our cDNA clone for Gog,
coincided with the predicted patterns of Gog, gene expression, based on the distribution of

Gog-related proteins in post-embryonic tissues.
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Figure 4. Distribution of Gog-specific protein and mRNA in post-embryonic tissues. (A)
Immunoblot of extracted proteins stained with an affinity-purified anti-Gyg, antiserum. The
protein band at ~40 X 103 coincides with the predicted mass of Go; the larger protein band
(~47 X 103) may be due to incomplete denaturation. (B) Northern blot of mRNA extracted
from the same tissues and reacted with a 32P-labeled probe made from the 1.8 kb clone for
Manduca Gg; transcripts of ~6 kb and ~3.5 kb were predominantly found in the same
tissues that contained substantial amounts of Gyg-related protein. Bottom panel: methylene
blue staining of the 1.8 kb ribosomal RNA band in the original gel showed that equal
amounts of RNA were loaded per lane. PT, prothoracic gland; NS, central nervous system;
B, midgut bands containing the EP cells; IB, interband midgut muscles without EP cells;

SM, skeletal muscle; FB, fat body.
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Developmental expression of Goy during neuronal migration

Using digoxigenin-labeled probes made from the cloned insert for Manduca Gog,
we next examined the developmental expression of Gog-specific transcripts within the EP
cells throughout their migratory period. Figure 5 shows a series of developmental stages
stained either with the cell surface marker TN-1 (top panels) or by whole-mount in situ
hybridization for Gog. Prior to about 52% of development (Fig. SA), no detectable
expression of the Gog, gene could be seen within the pre-migratory EP cells (Fig. 5E),
although there were substantial levels of Gog expression within the CNS at this time (Fig.
6). Then, starting at about 54% of development (Fig. 5B), faint levels of staining could
first be seen within the EP cells that were closest to the foregut-midgut boundary (Fig. S5F).
By 56%, after the onset of migration (Fig. 5C), all of the actively migrating neurons
showed detectable levels of cytoplasmic staining (Fig. 5G). The levels of Gog, expression
appeared to increase in the EP cells as they migrated throughout the ENS, both along the
muscle bands of the midgut (Fig. 5SH; 58%) and onto the radial muscle fibers of the foregut
(not shown).

Following the completion of migration, the EP cells continue to extend axonal
processes along the visceral musculature (from ~60-75% of development) and acquire their
mature transmitter phenotypes (Copenhaver & Taghert, 1989a, b). Although individual EP
cells are not uniquely identifiable, several distinct neuronal subtypes become apparent
within the population at this time, including one subtype that expresses peptides related to
the molluscan peptide Phe-Met-Arg-Phe-amide (FMRFamide; Copenhaver & Taghert,
1989a). Previously, we showed that this peptidergic subtype continues to be
immunoreactive for Gog, but that other EP cells on the midgut do not (Horgan et al., 1994),
suggesting that the Gog, gene is differentially regulated in the post-migratory neurons.
When we compared the distribution of Gog-specific mRNA and protein in the mature
ENS, we found that robust levels of expression persisted in approximately half of the

midgut EP cells (Fig. 6A, B), while no detectable expression was seen in their interspersed
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Figure 5. Developmental expression of Gog, in the migratory EP cells. A-D, embryos stained
with the monoclonal antibody TN-1, a cell-surface marker to indicate EP cell positions. E-
H, identically staged embryos stained by whole mount in situ hybridization histochemistry
with digoxigenin-labeled probes for Manduca Go. Arrows indicate equivalent EP cell
positions in the matched photographs. A and E: at 52%, the premigratory EP cells show no
Gog, transcript expression (dotted outline indicates EP cell position in E). B and F: at 54%,
the EP cells show a faint hybridization signal, just prior to migration onset. C and G: at
56%, increased levels of staining can be seen in the EP cells as they migrate onto the midgut
muscle bands. D and H: at 58%, all of the EP cells on the midgut still show strong levels
of Goq expression; staining is restricted to the cytoplasm surrounding the large nuclei of the
migratory neurons. Hatchmarks indicate the foregut-midgut boundary. Scale = 50 pm.
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Figure 6. Co-localization of Gy-related protein and transcript expression in the nervous
system following EP cell migration. Black arrows indicate positively stained cells; white
arrowheads indicate EP cells that no longer show detectable levels of expression. (A) Gog
immunoreactivity in the EP cells on the midgut of a mature embryo (at the time of hatching);
robust staining is still present in a subset of the EP cells, interspersed with other neurons
that are no longer expressing detectable levels of the protein. (B) same developmental age
stained by in situ hybridization with Goq-specific probes; a similar pattern of differential
expression is seen in a subset of the mature EP cells. (C) Sense-oriented probes showed
no positive staining in either neural or non-neural tissue. White arrowheads indicate the
position of the mid-dorsal EP cells and muscle bands on the embryonic midgut at 60% of
development. Black hatchmarks indicate the foregut-midgut boundary (same as in Fig. 5).

(D) Goo immunoreactivity in an abdominal ganglion of a 55% embryo; positive staining
can be seen in both the cortical cell bodies and centrally located neuropilar regions (np).
(E) Gog-specific in situ hybridization staining in an identically staged ganglion; positive
signal is restricted to the neuronal somata. (F) Lower magnification of in situ hybridization
staining for Gy in the brain (br) and segmental ganglia at 55% of development. Scale =
50 pm for A-E and 150 pm for F.
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neighboring cells. Co-localization of Gog-specific nRNA and protein was also
demonstrated in the embryonic CNS. Strong levels of Gog, immunoreactivity were present
in both the cortical regions (containing the neuronal cell bodies) and central neuropil
(containing their processes) of the segmental ganglia (Fig. 6D; Copenhaver et al., 1995),
while Gog-specific transcripts were confined to the neuronal somata, as expected (Fig. 6E-
F). No hybridization staining was detected in a variety of control reactions, including the
omission of digoxigenin probe or the application of sense-oriented probes (Fig. 6C).

We also examined the developmental pattern of Gog, gene expression by Northern
blot analysis of mRNA from the embryonic gut (containing the EP cells) and body
(including the CNS) at selected stages of development (Fig. 7). At 30-35% of
embryogenesis, shortly after the generation of the EP cells (Copenhaver and Taghert,
1990), little or no Gog, expression was seen in the gut-derived mRNA (lane A), although
there were detectable levels of expression elsewhere in the body (lane E). By 50-55%,
however, a robust signal was seen in gut-associated mRNA (lanes B), coincident with the
onset of Gog, expression by the EP cells (fig. 5). The relative levels of expression
continued to increase in both the gut (lanes C-D) and body (lanes G-H) throughout the
remainder of embryogenesis. In most embryonic stages examined, only the larger
transcript (approx. 6 kb) could be detected, although faint levels of the 3.5 and 2 kb

transcripts could be seen by the completion of development (100%; lanes D and H).

Effects of G protein activity on EP cell migration

The onset of Gog, expression in the EP cells coincident with their migration
suggested that this intracellular signaling molecule might be involved in regulating one or
more aspects of migratory behavior. Using an embryonic culture preparation that provides
access to the developing ENS (Horgan et al., 1994), we exposed the EP cells to one of
several G protein-specific toxins and then monitored the effects of these treatments on their

migratory behavior. Individual EP cells were injected with either a control solution
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Figure 7. Developmental expression of Gyg-specific transcripts during embryogenesis.
A 32P-labeled probe made from the 1.8 kb clone for Manduca Gop, was used for
hybridization to a Northern blot of mRNA isolated from the embryonic gut regions
containing the EP cells at the following stages of development: lane A, 30-35%
embryos; lane B, 50-55% embryos; lane C, 70-75% embryos; lane D, 100% (hatchling).
Lanes E-H contain mRNA extracted from the bodies (including the CNS) of the same
ordered stages. Bottom panel: methylene blue staining of the 1.8 kb ribosomal RNA
band in the original gel showed that ~equal amounts of RNA were loaded per lane.
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containing dextran-coupled marker dyes (Dx; Fig. 8A) or with solutions that also contained
a variety of G protein-specific toxins (Dx + toxin). Following the completion of the
migratory period (8-12 hr in culture), the preparations were then fixed and counterstained
so that the positions of the injected neurons could be compared with that of their uninjected
neighboring cells (Fig. 8B, open and filled arrows). For consistency, we always injected
EP cells within the leading group of migratory neurons (Fig. 9A) and subsequently
measured the distance of their migration with respect to the leading neuron on the same
muscle band (Fig. 9B-C). Control neurons that were injected with dextran-conjugated
dyes exhibited some variability in the extent of their migration, consistent with our earlier
observations that EP cells in the mature ENS are stochastically distributed along the muscle
bands (Copenhaver and Taghert, 1989a). On average, however, the injected control
neurons migrated approximately 54+5% (SEM) as far as the leading neuron on the same
pathway (Fig. 8C). In contrast, when cells were injected with mastoparan, a wasp venom
that selectively activates Gog- and Gig-related G proteins (Higashijima et al., 1990), there
was a pronounced reduction in the extent of their migration (324+5%). There was no
detectable increase in EP cell death as a result of these injections, and the overall
morphology of the injected neurons appeared normal at the termination of these
experiments (fig. 9).

We also treated the EP cells with pertussis toxin, which in other systems has been
shown to inhibit Gog- and Gig-related subtypes by ADP-ribosylating a cysteine residue
near their carboxyl termini (West et al., 1985). In contrast to mastoparan, intracellular
injections of the active A-protomer of pertussis toxin caused no significant changes in the
migratory behavior of treated cells when compared with controls (Fig. 8C). Similarly,
when pre-activated pertussis toxin was used to treat the entire EP cell population by bath
application, there was no significant effect seen on EP cell migration, although these
treatments did cause a measurable increase in the subsequent outgrowth of their axonal

processes (measured in terms of axonal length from the foregut-midgut boundary; Table 1).
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Figure 8. Intracellular injection of mastoparan causes a pertussis-sensitive inhibition of
EP cell migration. (A) Individual EP cells were injected at ~55% of development with
either dextran-conjugated markers (Dx) or with a solution that also contained G protein-
specific toxins (Dx + toxin). (B) After 8-12 hr in culture, the preparations were fixed and
stained to show the relative position of the dye-injected cells (filled arrows) with respect
to the leading uninjected cell on the same pathway (open arrows). (C) The distances of
migration for dye-injected cells were calculated as a percentage of the distance traveled by
the furthest cell on the same pathway. Dx: control cells injected with dextran markers.
Masto: cells injected with 100 pM mastoparan. Ptx: cells injected with 10 ng/ml pertussis
toxin. Masto + Ptx: cells injected with 100 UM mastoparan and 10 ng/ml pertussis toxin.

Ctx: cells injected with 100 pg/ml cholera toxin. Final intracellular concentrations were
estimated to be ~100 fold less than the electrode concentrations. Numbers = N cells injected.

*Migration of mastoparan-injected cells was significantly less than controls (p <0.01;
Student's T test).  All other treatments were not significantly different.
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Figure 9. Dye-labeled EP cells before and after migration. (A) Two leading EP cells at
the foregut-midgut boundary, labeled at the onset of migration with Dil. (B) Position of
an EP cell (arrow) that was injected at migration onset with dextran-coupled markers, and
then fixed and stained after 8 hr in culture. The surrounding EP cells were counterstained
with TN-1. (C) Position of an EP cell (arrow) after 8 hr in culture that was injected at
migration onset with both dextran-coupled markers and mastoparan. Arrowheads in B and
C indicate the leading uninjected neurons on the same pathways as the injected cells.
Hatchmarks indicate the foregut-midgut boundary (as shown in Fig. 5). Scale = 50 ym.
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TABLE 1.

EFFECTS OF PERTUSSIS TOXIN ON EP CELL MOTILITY

Cell Migration: % of controls: N P
Controls:  100% % 22% 16

PTX (10 ng/ml):  95% % 14% 16 ns

PTX (100 ng/ml): 86% *22% 8 ns

Process Qutgrowth:

Controls: 100% * 11% 8
PTX (10 ng/ml): 125% £ 21% 8 <.02
PTX (100 ng/ml): 140% +10% 8 <.001

Note: Distances are shown as percent of controls (£SD). N, number of preparations
measured. P, statistical significance of experimental values when compared with
controls; ns, not significantly different from controls.

s



However, when pertussis toxin was co-injected with mastoparan into individual EP cells, it
eliminated the inhibitory effects of mastoparan alone (fig. 8C). Injections of cholera toxin,
which acts selectively on Gsg-related proteins (Freissmuth & Gilman, 1989), also had no
effect on migration. These results indicate that the effects of mastoparan on EP cell
migration involve a pertussis-sensitive G protein. They are also consistent with previous
data that Gog, is the only G protein that we have detected in the EP cells during migration
(Horgan et al., 1994), suggesting that stimulation of Goy, in the EP cells induces a down-
regulation of their motile behavior. A model for the role of Gog, during migration is

discussed below.

DISCUSSION

Gogy_gene expression in the developing nervous system

Several lines of evidence indicate that the 1.8 kb cDNA clone described in this
paper encodes an authentic form of Gog. Both the primary sequence and the deduced
amino acid sequence of this clone contain a strong degree of conservation with Gog,
proteins from other species, whereas a comparison with other insect G proteins (including
Gig and Gsg) showed more modest levels of sequence identity. The similarity of Manduca
Gogq, with fly Gog, was particularly strong in regions that have previously been used to
distinguish Gogrelated molecules from other heterotrimeric G proteins (Masters et al.,
1986), including the C-terminal peptide that was used to generate the Gog-specific
antiserum used in this study (Goldsmith et al., 1987). The predicted size of the encoded
protein (~41 kD) coincides with the single prominent band detected by immunoblot analysis
of Manduca tissues (fig. 4) and closely matches the size of Gog, from Drosophila (Thambi
et al., 1989). The Manduca protein also contains a putative binding site for pertussis toxin
(fig. 2) in an identical position to that seen in fly and rat Gog (Jones and Reed, 1987;
Thambi et al., 1989). Lastly, the expression patterns of mMRNA corresponding to this clone

are identical to the distribution of Gog-related proteins in both tissue extracts and whole-
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mount embryos. On the basis of these results, we conclude that the 1.8 kb clone from
Manduca encodes an authentic form of Gog,.

Whereas in our immunoblot analysis, we typically detected only a single protein
band (at ~40 kD), we could detect as many as three distinct transcript sizes (with apparent
sizes of 6 kb, 3.5 kb, and 2 kb) in Northern blots of the same tissues. In Drosophila, a
single gene for Gog, has been identified that produces at least two distinct transcripts by
alternative splicing at the 5' end of the coding region (de Sousa et al., 1989; Thambi et al.,
1989; Yoon et al., 1989). Multiple transcripts have also been found in Northern blots of
fly mRNA (ranging in size from 6.0 to 3.4 kb), which show some tissue-specific
differences in expression (Thambi et al., 1989; Yoon et al., 1989). In the present study,
we only characterized a single cDNA clone for Gog, from Manduca; whether alternative
processing of Gog, mRNA contributes to transcript heterogeneity in this species remains to
be determined. Similarly, in both invertebrates and vertebrates, there is also evidence for
multiple isoforms of Gog, proteins with closely similar molecular weights and antigenicities
(de Sousa et al., 1989; Goldsmith et al., 1987; Thambi et al., 1989). Since the affinity-
purified antiserum used in this study was directed against the conserved C-terminus of
Gog; it would probably not distinguish among putative Gog, isoforms.

Nevertheless, the combined application of our probes against Gog-specific mRNA
and protein revealed a consistent pattern of Gog, gene expression in both embryonic and
post-embryonic tissues. In particular, we found a good correlation between Gog-specific
transcription and translation in the migratory EP cells: Gog mRNA could first be detected
at ~52% of development, while Goy-immunoreactivity appeared shortly thereafter (at ~54-
55%; Horgan et al., 1994). Similar results were obtained by Northern blot analysis (fig.
7), which showed barely detectable levels of Gog, transcript expression in the gut prior to
migration (at ~30-35% of development), but a substantial increase in expression levels by
50-55%, coinciding with migration onset. Some diminution in signal intensity was seen in

extracts of 75% embryonic gut (Fig. 7, compare lanes B and C), which may simply be due
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to variability in our extraction technique. Alternatively, we also observed that some of the
EP cells stopped expressing Gog:-related mRNA, once migration was complete (fig. 6). As
previously noted by immunohistochemical staining (Horgan et al., 1994), all of the EP
cells contain Gog-related proteins during migration, but only a subset shows persistent
Gog expression once they have completed their differentiation. This same subset of
neurons also commences the expression of a peptidergic phenotype at this time
(Copenhaver and Taghert, 1989b; Horgan et al., 1994). Thus, the same G protein may

serve distinct functions during the migration of immature EP cells and in the mature ENS.

Gog_in the control of neuronal migration

The developmental expression of Gog, during EP cell migration suggests that this
intracellular signaling molecule might modulate specific aspects of the migratory process.
Since the first appearance of detectable levels of Gog-specific transcripts and protein
coincided with the onset of migration, we initially thought that Gog, might be involved in
triggering the migratory process. For example, activation of Go-coupled receptors in
response to local environmental stimuli might lead to the initiation of migration. Our
manipulations of G protein activity in the EP cells failed to support this hypothesis,
however. Exposing the EP cells to pertussis toxin (an inhibitor of mammalian Go and Gi)
produced no discernible inhibition of EP cell migration. These results indicate that Gog-
mediated events are not required for the initiation of migration.

Alternatively, the role of Gog, in the EP cells might be to terminate the migratory
process. As previously described (Copenhaver and Taghert, 1989a, 1989b), the period of
active migration is relatively brief (lasting from 55-60% of development), after which the
EP cells extend axonal processes and acquire their mature neuronal phenotypes.
Conceivably, Gog-coupled receptors within the EP cells might respond to localized cues
along the muscle bands, triggering a cessation of migratory behavior and initiating their

subsequent differentiation. In support of this model, intracellular injections of the wasp
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toxin mastoparan (a specific activator of Go and Gi) caused a marked inhibition of
migration in individual EP cells, without affecting the behavior of the surrounding neurons
or inducing any measurable increase in cell death. Significantly, the effects of mastoparan
were abrogated by co-injection of pertussis toxin, indicating that the effects of mastoparan
involve a pertussis toxin-sensitive G protein. To date, the only G protein that has been
shown to be modified by pertussis toxin in insects is Gog, (Provost et al., 1988; Thambi et
al., 1989); and as already noted, we have found no detectable Gig, expression within the
EP cells at any stage of their development (Horgan et al., 1994; and unpublished
observations). Cholera toxin, which selectively activates Gso, by ADP ribosylation
(Freissmuth & Gilman, 1989), also had no effect on mi gration. These results indicate that
in the developing EP cells, the normal role of Gog may be to provide a means of down-
regulating their migratory behavior.

However, our data also indicate that Gog-coupled signaling mechanisms are not the
only means of limiting EP cell migration. Specifically, we found that injections of
pertussis toxin alone did not result in exuberant or inappropriate migration, as might be
expected if Gog, activation was explicitly necessary for terminating the migratory process.
Similarly, while bath applications of pertussis toxin did cause a measurable increase in
process outgrowth (Table 1), there was no evidence of aberrant or misdirected axonal
sprouting, as might be expected if Gog-mediated events were uniguely involved in down-
regulating neuronal motility. These results indicate that within the developing embryo,
there may exist both Gog-dependent and independent processes that act in concert to
restrict the extent of neuronal migration. A similar conclusion may be inferred from the
effects of deletion mutations for Gog, in the nematode, which caused a number of
abnormalities in adult behavior but no gross defects in neuronal development (Segalat et
al., 1995; Mendel et al., 1995). An appealing model suggested by our data is that Gog-
mediated signaling events within the EP cells may underlie their response to inhibitory cues

on non-permissive domains of the midgut. By this model, the activation of Gog-coupled
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receptors might induce local steering responses of the EP cells away from inappropriate
domains, such as the interband musculature, thereby confining migration to the longitudinal
muscle bands. The robust inhibitory action of injected mastoparan would therefore reflect
an extreme example of the normal modulatory effect of Goy, on migratory behavior. A
similar model has recently been proposed for the effects of collapsin, a secreted protein in
the developing vertebrate nervous system that in vitro can cause a complete inhibition of
growth cone motility, but in vivo may provide a more graded effect on growth cone
guidance (Fan and Raper, 1995). We are currently testing for putative inhibitory cues of
this type that might be associated with the visceral musculature in Manduca.

G protein-coupled signaling mechanisms have been shown to modulate cellular
motility in a variety of other contexts. In the slime mold Dictyostelium, for example, the
chemotactic response of individual cells to diffusible cAMP requires receptor-mediated
activation of one specific G, subunit (Ge2; Kumagai et al., 1991). Directed migratory
behavior in a variety of hematopoeitic cell types (responding to specific growth factors or
other chemoattractants) has also been shown to be a G protein-coupled event, although the
specific G proteins involved vary with respect to particular stimuli (Devreotes and
Zigmond, 1988; Amatruda et al., 1993). In another form of neuronal motility, the
extension of growth cones and growth cone-like processes, G proteins have been shown to
mediate cell-specific responses to diffusible neurotransmitters (e.g. Behar et al., 1994;
Haydon et al., 1984) and cell adhesion molecules (Doherty and Walsh, 1994). In
particular, the inhibitory effects of proteins isolated from CNS myelin that curtail neurite
outgrowth are mimicked by mastoparan and blocked by pertussis toxin (Igarashi et al.,
1993). Recently, Gog, has also been shown to interact with another prominent protein in
growth cones, GAP 43, possibly contributing to the regulation of growth cone motility or
shape (Strittmatter et al., 1994). The role of G proteins in migratory neurons, however,
and the potential mechanisms by which G proteins may regulate their motile behavior, have

remained poorly defined. Recently, we have found that transient increases in intracellular
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calcium will also inhibit EP cell migration (Copenhaver and Horgan, unpublished
observations). We are now investigating whether the modulatory effects of Gog, on the
migratory process may involve regulated changes in intracellular calcium within individual
EP cells.

Our current results provide evidence that Gog, contributes to the regulation of
migratory behavior of developing enteric neurons in Manduca. Both Gog-specific mRNA
and protein are expressed within the EP cells coincident with their migratory phase of
development, in contrast to other G proteins that we have examined. The inhibitory effects
of G protein activity on EP cell migration, while not completely characterized, support a
role for Gog, in regulating specific aspects of the migratory process. With the cloning and
characterization of Gog, from Manduca, it will now be possible to conduct more specific
manipulations of Gog expression in the EP cells, using intracellular injections of antisense
oligonucleotides and constitutively activated forms of different G proteins to determine their
effects on migratory behavior. By applying these techniques to individual neurons within
the developing ENS, we should also gain insight into the intracellular processes by which

G proteins may regulate neuronal motility in the context of a developing embryo.
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SUMMARY

Neuronal migration is an essential feature of the developing nervous system, but the
intracellular signaling mechanisms that regulate this process are poorly understood. In the
insect enteric nervous system, the migration of identified neurons is regulated in part by
Goq. Using an in vivo culture preparation, we have shown that migration is similarly
regulated by intracellular Ca?+: actively migrating neurons exhibited only small fluctuations
in intraceltular CaZ+, while elevating internal Ca2+ inhibited the migratory process. Activated
Goq also inhibited migration, while G protein stimulation induced multiple CaZ+ spikes
within the migratory neurons; both effects were reversed by removal of external Ca2+. These
results indicate that the G protein-mediated regulation of migration involves a Ca2+-

dependent process requiring Ca2+ influx.

INTRODUCTION

During the formation of the nervous system, many neurons or their precursors
undergo a transient period of migration, translocating their cell bodies to unique and
sometimes distant locations. The ability of a cell to migrate requires not only the expression
of a motile phenotype but also depends upon information from the surrounding environment
to guide the selection of appropriate pathways and destinations. Some of the repulsive and
attractive molecules which may provide this information have been identified (Fishman and
Hatten, 1993; Muller and Kypta, 1995). However, the orchestrated intracellular events by
which these cues are transduced into an appropriate migratory response are unknown.

Previously, we demonstrated that Goq, a member of the heterotrimeric class of
guanyl-nucleotide binding proteins (G proteins), is expressed by a population of embryonic
neurons at the time of their migration and may participate in the regulation of their motility
(Horgan et al., 1994; Horgan et al., 1995). Using the enteric nervous system (ENS) of the

moth Manduca sexta, in which a defined population of neurons (the EP cells) undergoes a
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stereotypic pattern of migration on the gut musculature (Copenhaver and Taghert, 1989), we
showed that the onset of Gog expression within the EP cells coincided with their migratory
period (Horgan et al., 1994). Furthermore, the accessibility of the ENS has permitted direct
manipulations of these neurons within the embryo: injections of mastoparan (which
stimulates Gog and Gjg) into individual EP cells caused a marked inhibition of migration, an
effect that was reversed by pertussis toxin (Horgan et al., 1995). Because Goq is the only G
protein in insects known to be sensitive to pertussis toxin (Quan et al., 1989; Thambi et al.,
1989), these results suggested that activation of Go-mediated events within the EP cells
might serve to inhibit or terminate their migratory behavior. However, the precise role of Go
in these developing neurons and the mechanism by which G proteins down-regulate
migration remained undefined.

Other work on the function of G proteins has provided much insight into their
potential modes of action. G proteins, consisting of an o, B and y subunit, typically bind to
heptahelical membrane receptors (Rens-Domiano and Hamm, 1995). Upon activation of the
receptor by an appropriate ligand, the trimeric complex dissociates, and both the o, and By
subunits may then impinge upon a variety of other intracellular proteins. In some cells, Go
has been shown to modulate voltage-dependent Ca* channels within the plasma membrane
(Dunlap, 1997; Wickman and Clapham, 1995). Other evidence, however, suggests that G
may also act via the regulation of a phospholipase C- (PLC) or protein kinase C- (PKC)
dependent pathway. For example, constitutively active Ggo, mutants enhanced neurite
outgrowth in PC-12 cells by a PKC-dependent mechanism (Xie et al., 1995), while in
myenteric neurons, Pan et al. (1997) found that antibodies to G, inhibited a PKC-mediated
response to serotonin, possibly by preventing G, activation of phosphatidylcholine-specific
PLC. AsPLC activity has been shown to modulate Ca2+ release from intracellular stores
(Berridge, 1993), the involvement of this signal transduction pathway may also provide an

alternative mechanism for the regulation of intracellular Ca2+ levels by G,
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With respect to neuronal motility, the regulation of intracellular Ca2+ is known to play
an important role both during cell migration and process outgrowth (Kater and Mills, 1991;
Rakic and Komuro, 1994). Elucidation of the precise function of Ca2+, however, has been
complicated by evidence that Ca2+ can have both inhibitory and stimulatory effects on
motility, depending on both cell type and experimental context. For example, Letourneau et
al. (1994) showed that in dorsal root ganglion cells, contact with an inhibitory proteoglycan
caused an influx of Ca?+, resulting in the depolymerization of actin filaments and collapse of
their growth cones. In contrast, neurite outgrowth from PC-12 cells in response to a variety
of adhesion molecules was stimulated by Ca2* influx, most likely via a G protein-coupled
mechanism (Doherty and Walsh, 1994; Williams et al., 1992). In studies of neuronal
migration, contradictory effects of Ca2* have been similarly documented. Neural crest cells
in vitro were found to migrate precociously when exposed to Ca2* channel antagonists
(Newgreen and Gooday, 1985), while Komuro and Rakic (1996) reported that Ca2+ influx
through ligand- and voltage-gated ion channels stimulated the rate of migration of cerebellar
granule cells. With respect to Go, the potential role of Ca2+ in mediating its inhibitory effect
on migration have not been explored.

In this paper, we have examined the interaction of these two intracellular signaling
molecules during neuronal migration by examining their respective effects on the EP cells
within an in vivo culture preparation. Specifically, we have tested the role that Ca2+ plays in
regulating EP cell migration by manipulating extracellular and intracellular levels of Ca2+
during the migratory period. We have also used activated o-subunits to demonstrate the
specific effects of Gog, on migration, and we have tested whether the inhibition of the EP
cells by Gog, is Ca2+-dependent. Lastly, we have examined the effects of G protein
activation on spontaneous changes in Ca2* within individual EP cells as they migrate in the

developing embryo.
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MATERIALS AND METHODS
Animal Preparation and Culture

Animal dissection and culture were performed as described previously (Horgan et al.,

1994; Horgan et al., 1995). Briefly, timed egg collections from a Manduca sexta colony
were maintained at 25°C, at which temperature embryonic development lasts ~100 hours (1
hour = 1% development). Embryos were dissected from the egg shell and underlying
membranes and restrained in a Sylgard-coated chamber in either culture medium (50%
Schneider's Drosophila medium, 40% MEM with Hank's salts, 9.7% heat-inactivated fetal
calf serum, 0.2% ecdysone, 0.1% insulin, and 0.01% penicillin-streptomycin) or a defined
saline (140 mM NaCl, 5 mM KCI, 28 mM glucose, 5 mM HEPES, 0.2% ecdysone, 0.1%
insulin, and 0.01% penicillin-streptomycin; pH 7.4). In experiments where external Ca2+
concentrations were manipulated, the solutions were osmotically balanced with mannitol. A
small incision was made in the dorsal epidermis above the foregut/midgut boundary to
expose the premigratory EP cell population. The animals were then allowed to develop in
culture for 8 to 16 hours in a humidified chamber at 28°C.

Bath application of water-soluble compounds, including caffeine (MCB) and BAPTA
(Molecular Probes), were diluted into culture medium or defined saline. A23187 (Sigma),
BAPTA-AM (Molecular Probes), IBMX (Sigma), and ionomycin (Calbiochem) were
dissolved into 100% DMSO and then diluted into culture medium or defined saline with a
final concentration of 0.5-1% DMSO. AlF4~ was made by diluting premixed solutions of 0.6
M NaF and 0.5 mM AICl3 at 1:40 into the culturing solution (Horgan et al., 1994).
Equivalent concentrations of NaCl premixed with AICl3 served as a control,

After culturing, animals were dissected completely and fixed with 4%
paraformaldehyde in PBS. To visualize the ENS, the preparations were
immunohistochemically stained with a monoclonal antibody against Manduca Fasciclin 11
(MFasll, at 1/20,000; gift of Dr. Paul Taghert), followed by the avidin-biotin-HRP protocol

from Vector Laboratories. The distribution of post-migratory EP cells was then analyzed
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using camera lucida techniques. The extent of migration in each experiment was calculated
by measuring the distance of the furthest cell from the foregut/midgut boundary (normalized
to matched control cultures). Statistical analyses were performed using a two-tailed

Student's t-test.

Intracellular Injection
Myristoylated rat recombinant Gog, subunits (10 pM; Calbiochem) were activated by

a 30 min incubation with 10 pM GTPyS (in 10 mM MgCl,, 100 mM NaCl, 1 mM EDTA,

and 20 mM HEPES, pH 8.0) at 20°C. Control injections were performed with an identical

solution lacking Gog. Heat inactivation of activated Gog, subunits was performed by boiling
for 30 min prior to injection. Mastoparan (100 uM; Calbiochem) was initially dissolved in
dH20 and stored at -80°C. Just prior to use, injection solutions were diluted 1:10 with an
intracellular buffer containing 132 mM K-Asp, 64 mM mannitol, 5 mM HEPES, 2 mM
EGTA, 2 mM MgATP, and 1 mM CaCly plus rhodamine-dextran and biotin-dextran (both at
20 pg/ul; Molecular Probes). Glass electrodes (30-50 M) were used for pressure injection
of these solutions into individual EP cells (Horgan et al., 1995). Injected cells were then
briefly visualized with a heavily filtered UV lamp source and the intensity and position of the
cell noted. In neurons injected with control solutions, this brief UV exposure was not found
to disturb normal migration. We estimate that the actual concentration delivered into cells
was 1:100 of the pipette concentration. For fluorescent labeling of single cells, 10 mg/ml Dil
(1,I'-dioleyl-3,3,3",3"-tetramethylindocarbocyanine methanesulfonate; from Molecular

Probes) diluted in methanol was injected as described previously (Copenhaver et al., 1996).

Intracellular Calcium Imaging

Individual EP cells were injected with the calcium indicator Calcium Green-1 Dextran
(10,000 MW; at 10 mg/ml, from Molecular Probes). Embryos were then inverted and

restrained in chambers made from Sylgard-coated glass coverslips. Cells were observed
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through a 60X Plan Apochromat water-immersion lens attached to a Nikon Diaphot 200
inverted microscope that was mounted on a vibration isolation table. A heavily filtered UV-
light source from a 100W mercury bulb was passed through an FITC (450 nm excitation/535
nm emission) filter (Omega). The duration and timing of excitation was controlled with a
digital IO board (National Instruments) connected to a Lambda-10 filter wheel (Sutter
Instruments). A Cohn 12V CCD camera and Hamamatsu Intensifier mounted to the
microscope was used to capture and enhance the emitted signal. Data was processed using a
Power PC 7100 (Macintosh) interfaced with a PixelPipeline (Perceptics) data acquisition
imaging board. The image analysis software used was Cytos IIT (Applied Scientific
Instrumentation Inc.). Twelve frames were captured every 5-10 seconds and averaged to
produce individual images. The images were then analyzed for changes in relative
fluorescent intensity. Average pixel intensities within a rectangular box surrounding each EP
cell (32 X 32 pixels/box), as well as in similarly sized boxes to measure background levels,
were monitored simultaneously. Focus and box placement were adjusted approximately
every 2-3 minutes to correct for cell movements. Although this procedure did result in small
changes in apparent cell intensity, the fluctuations were not significantly above background
noise. The duration of most experiments was 30 minutes; however, a few neurons were
observed for up to 2 hours. During experiments involving AlF,4-, baseline images were
recorded for 10 minutes before application. Immediately after AIF4~ was added to the bath,

cells were refocused and then imaged over the next 20 minutes.

RESULTS

Neuronal Migration of EP cells During Embrvogenesis

During the formation of the ENS, a population of ~300 post-mitotic neurons (the EP
cells) arise from a neurogenic placode in the foregut epithelium (Copenhaver and Taghert,

1990) and then migrate into a branched nerve plexus on the surface of the gut musculature
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(Fig. 1; Copenhaver and Taghert, 1989). By immunostaining embryos with antibodies to the
adhesion molecule fasciclin IT (designated in Manduca as MFas II), the sequence of EP cell
development could be readily visualized. Before migration commences (at 55% of
embryogenesis), the EP cells reside in a packet encircling the gut at the foregut and midgut
boundary (fg/mg; Fig. 1A). As migration begins, individual neurons extend leading
processes across the fg/mg boundary and align themselves with one of eight specific
longitudinal muscle bands on the midgut (L1-L4 & R1-R4; Figs. 1B-D). The EP cell bodies
migrate posteriorly for a period of 5-7 hours (Fig. 1B-D arrows; Fig. 1E), traveling up to
200 um and distributing themselves along the muscle bands. Anteriorly, a small number of
EP neurons also migrate laterally onto the radial muscle bands of the foregut (open arrows,
Figs. 1B, C). At the end of migration (60%-62% of development), the neurons then extend
axonal processes posteriorly and laterally to innervate the gut musculature. Of note is the
specificity by which the EP cells follow their migratory pathways on the midgut: once
aligned with one of the muscle bands, each neuron invariably remains closely apposed to the

fibers of that band, never wandering onto the adjacent interband musculature.

Effects of Calcium Manipulations on Migration

To determine the effect of altering extracellular levels of Ca2+ on EP cell migration,
an in vivo culture preparation was used that permitted access to the migrating neurons and
their surrounding environment. Staged embryos were cultured during the period of EP cell
migration in a serum-free, defined saline which supported embryonic development for up to
24 hours. During the period of EP migration, experimental embryos were incubated for 10-
12 hours in saline containing 4 mM CaCl, (a concentration similar to that estimated in
complete culture medium containing serum). In these conditions, the overall extent of
migration, as measured by the distance traveled by the leading neuron, was slightly reduced
but appeared essentially normal when compared with dissected and undissected controls

(compare Figs. 1C and F). When the external concentration of Ca2+ was elevated, the
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Figure 1. Neuronal Migration is Essential to the Formation of the ENS

(A-D) Developmental sequence of EP cell migration (visualized by anti-MFas 11
immunostaining) to show the stereotyped pattern of migration on pre-formed muscle band
pathways; only the mid-dorsal muscle bands of the midgut (L1 and R1) are shown. (A), at
55% of embryonic development; (B), at 57%; (C), at 59%; (D), 61%. One percent of
development is equivalent to one hour; "fg/mg" indicates the boundary between the foregut
and midgut. Solid arrows indicate the leading cells on L1 and R1; open arrows show the
lateral pathways on the foregut (out of focus).

(E) Individual EP cells labeled with Dil during migration onto the midgut; panels show a
series of neurons at times and positions indicated by the solid arrows in (A-D). Note that
the filopodia and subsequent axonal extensions remain primarily restricted to the pathway
on which the neuron is migrating.

(F-G) Normal migration of EP cells when embryos were cultured for 10 hours in serum-
free defined saline containing either 4 mM Ca2* (F) or 0 mM Ca2* (G). The removal of

external Ca2+ caused no apparent deleterious effect on neuronal development. Scale bar =
20 pm (A-D) and (F-G), 50 um in (E).
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development of the EP cells proceeded normally; however, there was a statistically significant
decrease in the extent of migration when compared with 4 mM CaCl, saline controls (Fig.
2A). In 12 mM CaCly, the extent of migration was 85% of that measured in 4 mM CaCly
(p<0.05), while in 20 mM CaCly, migration was only 53% of controls (p<0.001). In
contrast, when no CaCl, was added to the saline (0 mM), the formation of the ENS
proceeded normally (Fig. 1G) and the extent of EP cell migration was not significantly
different from control cultures incubated in 4 mM CaCl, (Fig. 2A). Besides measuring the
distance of the leading neuron on each of the migratory pathways (as indicated in Fig. 2A),
we also quantified the extent of migration in these experiments by (a) measuring the average
distance traveled by each neuron on a given pathway, and (b) measuring the total number of
neurons that had migrated on each pathway (not shown). However, because these alternative
methods yielded histograms that were essentially identical to those shown in figure 2A, we
used this first form of quantitation for all subsequent manipulations. These results
demonstrated that the defined saline used in these studies could support embryonic
development and normal EP cell migration, thereby allowing us to vary external levels of
Ca2+ in a controlled manner. In addition, increasing Ca2+ levels above 4 mM caused a dose-
dependent decrease in migration, suggesting that proportional elevations in intracellular Ca2+
within the EP cells may inhibit their motility.

As a more direct means of manipulating intracellular Ca2+, we used the ionophores
A23187 (Reed and Lardy, 1972) and ionomycin (Liu and Hermann, 1978) to permeabilize
the neurons to Ca2*. The ionophores were applied externally to the EP cells by their addition
to the culture medium at the beginning of the migratory period. When applied in normal
culture medium, both of these compounds caused a dose-dependent decrease in EP cell
migration (Fig. 2B). At low doses (1 uM), the distance traveled by the EP cells was reduced
by 20% (p<0.01) but the neurons proceeded along their normal pathways. At higher
concentrations, even a brief exposure to the ionophores completely inhibited the migration of

most EP cells, with only a few neurons travelling for short distances onto the midgut. The
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Figure 2. Increased Intracellular Ca2+ Causes a Concentration-Dependent Inhibition of
Migration

(A). Effects of increasing external levels of Ca?*. Embryos were cultured in defined saline
containing 0, 4, 12, or 20 mM Ca2+ during the normal period of EP cell migration. Extent
of migration was calculated by measuring the distance traveled by the leading cell on each
pathway from the fg/mg boundary as a proportion of control measurements taken from
cultures incubated in complete medium. Averaged data are presented as + SEM.
Histograms were normalized to values in 4 mM Ca2+, N >16 for each condition. *,
p<0.05; **, p<0.001 (two-tail Student's t test).

(B). Effects of increasing internal levels of Ca2+. Embryos were cultured in complete
culture medium containing A23187, ionomycin, or caffeine at indicated concentrations
during the migratory period. Preparations cultured in 100 pM A23187 were rinsed after 2
hr and incubated in normal culture medium until the completion of the experiment. The
distance of migration was normalized to values taken from matched cultures. Averaged
data are presented as + SEM; N = 8-20. *, p<0.05; **, p<0.001.

(C). The inhibitory effect of A23187 is markedly attenuated in 0 mM Ca2+ Saline.
Preparations were cultured in serum-free defined saline containing 4 mM or 0 mM Ca2+
plus or minus 3 uM A23187. The distance of migration was normalized to that of control
embryos cultured in saline containing 4 mM CaZ*. Averaged data are presented as + SEM;
N > 12. ** p<0.001.
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majority of cells remained within the packet on the foregut, although they continued to
express MFasll. As an additional means of increasing intracellular levels of Ca2+ in the EP
cells, we also applied caffeine (Mironov and Usachev, 1991; Palade et al., 1989) to cultured
embryos at the onset of migration. Similar to the ionophores, caffeine caused a statistically
significant and dose-dependent inhibition of migration (Fig. 2B). Besides inducing the
release of internal Ca2+ stores, caffeine has also been reported to inhibit phosphodiesterase
activity (Nehlig et al., 1992). However, when we applied IBMX (100 UM) to control for
this effect, we observed no change in the extent of EP cell migration (not shown). Because
all of our experiments were conducted within the developing embryo, we were unable to use
UV-activated compounds such as caged Ca?* to induce selective changes in intracellular
Ca2* within individual neurons. Nevertheless, these results showed that raising intracellular
concentrations of Ca2+, either by increasing the cell permeability to CaZ+* or releasing Ca2+
from intracellular stores, consistently caused a dose-dependent decrease in migration.

To show that the effect of the ionophores was dependent on external Ca2+, we
performed an additional experiment with A23187 applied in defined saline with and without
added Ca2t (Fig. 2C). When an intermediate concentration of A23187 (3 uM) was applied
to cultured embryos in defined saline containing 4 mM CaCl,, there was a robust inhibition
of migration. The more dramatic effect of A23187 in defined saline compared with A23187
in normal culture medium (Fig. 2B) was due to the absence of serum, and might reflect either
non-specific binding of the ionophore by serum proteins or stabilization of the neuronal
membranes. In this experiment, control preparations cultured in saline without Ca2+ showed
a slight reduction in migration but were not significantly different from controls. In contrast,
when A23187 was applied in 0 mM Ca2*, its inhibitory effect was greatly attenuated (Fig.
2C). The reduction in migration caused by the ionophore changed from an 86% inhibition in
4 mM Ca?* to only a 26% inhibition in 0 mM Ca2*, which was not significantly different
from the 0 mM Ca?* controls. These results indicated that the inhibitory effect of the

ionophore was dependent on extracellular Ca2*, supporting our conclusion that
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manipulations which increase cytoplasmic Ca2* in the EP cells cause a dose-dependent
inhibition of neuronal migration.

To examine the effects of reducing intracellular levels of Ca2+ within the EP cells, we
applied BAPTA-AM, a membrane-permeable form of the Ca2+ chelator BAPTA (Dickens et
al., 1990; Tsien, 1980), which becomes active inside the cell after hydrolysis by cytosolic
esterases. BAPTA-AM was applied in 0 mM Ca2+ saline to the EP cells at the onset of
migration, and the embryos were subsequently cultured for 8 hours. Both embryonic
development and EP cell migration proceeded in these experimental conditions; however, in
many of the embryos, the normal guidance of the EP cells was severely disrupted. In
contrast to control preparations cultured in 0 mM Ca?+ saline (Fig. 3A), EP cells exposed to
BAPTA-AM underwent extensive misrouting onto inappropriate musculature. Figure 3B
shows an example of a plexus treated with BAPTA-AM, in which a large number of neurons
wandered off their longitudinal muscle band pathways (arrows) and migrated onto the
interband musculature. The severity of this effect was decreased if BAPTA-AM was applied
in saline containing 4 mM CaCl (Fig. 3C), although under these conditions, some signs of
aberrant pathfinding were still seen on the foregut (arrowheads). In contrast, when a cell-
impermeable form of BAPTA (100 pM) was applied in 0 mM Ca2+ saline as a control, no
defects in migration were observed (Fig. 3D). These results suggest that buffering
intracellular Ca2* in the EP cells as they migrate may alter a Ca2*-dependent signaling

mechanism involved in restricting the neurons to their normal pathways.

Inhibition of Migration Caused by G protein Stimulation Requires Calcium

Previously, we presented evidence that activation of G proteins within the EP cells
regulates their migratory behavior (Horgan et al., 1994; 1995). In particular, intracellular
injections of the wasp toxin mastoparan (which is specific for Go/Gj family subtypes;
Higashijima et al., 1990) inhibited neuronal migration in a pertussis toxin-sensitive manner

(Horgan et al., 1995). To verify the specificity of this effect, we injected constitutively
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Figure 3. Buffering Intracellular Ca2* Disrupts Normal Pathfinding in Migration
Camera lucida drawings of individual preparations representative of experiments in
which embryos were cultured during the migratory period in the following conditions:

(A) 0.5% DMSO control in defined saline with 0 mM Ca2* (n=24); (B) 100 uM
BAPTA-AM in 0 mM Ca2* saline (n= 15); (C) 100 uM BAPTA-AM in 4 mM Ca2+
saline (n= 8); (D) 100 uM BAPTA (non-cell permeable) in 4 mM Ca2* saline (n=8).
Solid arrows indicate disrupted migration of the EP cells; open arrows indicate
misdirected process outgrowth. Scale bar = 75 um.
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activated Gog, subunits (Ggg*) into individual neurons at the onset of their migration. As
shown in figure 4A, injections of Goo* caused a -42% decrease in the extent of EP cell
migration when compared with injected control neurons, an effect that was highly significant
(p<0.001). In contrast, injections of heat-inactivated Gog,™ had no significant effect on
migration. These results show that activation of G, within the EP cells, at a stage when
only Gog, can be detected in these neurons, regulates their motile behavior in an inhibitory
manner.

Because Gg has been shown to act via the modulation of intracellular Ca2+
concentrations in other systems, we examined whether its effect on neuronal migration might
similarly be mediated by Ca2* in the developing ENS. When mastoparan was injected into
migrating EP cells cultured in 4 mM Ca2* saline, we observed a significant decrease (-52%
of controls) in their migration when compared with injected control neurons (p<0.001); these
results were similar to the effects of mastoparan injections in the presence of complete culture
medium containing serum (Horgan et al., 1995). However, when embryos were cultured in
0 mM Ca?* saline, the inhibitory effect of mastoparan was completely eliminated (Fig. 4).
Therefore, the inhibitory effect of mastoparan is dependent upon the presence of extracellular
Ca2+, indicating that Ca2* influx is required for the G protein-mediated inhibition of EP cell
migration.

Next, to examine spontaneous changes in intracellular Ca2+ levels within the EP
cells, individual neurons were injected as they migrated with the Ca2+-indicator dye Calcium
Green-1 Dextran. The embryos were then maintained in saline with or without Ca2+ and the
cells were imaged in vivo every 5 seconds for 30-120 minutes to monitor changes in
fluorescent intensity. Throughout this period of development, we observed small
fluctuations in intracellular Ca2+ levels within most of the EP cells (Figs. 5A & 6A), but no
large transients were observed in any of the neurons examined (Fig. 6D; see discussion).
For technical reasons, we could not simultaneously inject compounds that stimulate Gg and

image intracellular Ca2+ within the migrating neurons. However, when AlF4~ (which also
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Figure 4. G, Stimulation Inhibits Migration and Requires the Presence of External Ca2+.

(A). Individual EP cells were injected at the onset of migration with a solution of
dextran-conjugated dyes plus or minus GTPyS-activated Gyq, subunits (1 mM). Control
injections were performed using the activation solution without G,q. Heat-inactivated
solutions of Gy, were boiled for 30 min prior to injection. After culturing the embryos for
12-16 hours, the percent of maximal migration was calculated by measuring the distance
that the injected neuron had migrated as a proportion of the distance traveled by the leading
neuron on the same pathway. N > 30 for each histogram. Averaged data are presented +
SEM; ** p<0.001.

(B). Embryos were cultured in defined saline containing 4 mM or 0 mM Ca2+, and
individual EP cells were injected at the onset of migration with a solution of dextran-
conjugated dyes plus or minus 100 mM mastoparan. After 12-16 hours in culture, the
percent of maximal migration was calculated as described in 4A. N> 15 for each histogram.
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Figure 5. Intracellular Ca2+ Activity Imaged in Migratory Neurons Before and After AlF,-
Exposure.

Embryo cultured in defined saline containing 4 mM Ca?* in which three EP cells
were injected with Calcium Green Dextran-1. The cells were then imaged for 20 minutes
before (A) and after (B) bath application of AlF4-. Images were generated by averaging
12 individual frames collected over ~2 seconds. Pseudocolor representation shows relative
changes in fluorescent intensity; Blue = low, red = high. Each row of time points represents
consecutive 30 second intervals during the imaging period. Arrows highlight increased
Ca2+ concentrations in the cell bodies; arrowheads, increased Ca2* concentrations in their
leading processes. Scale bar = [0 uM
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Figure 6. AlF4-induced CaZ* Spiking Activity is Greatly Diminished in the Absence of
External Ca2+

(A-C). Each graph shows the time course of changes in fluorescent intensity
measured in three separate neurons (numbered traces). Trace labeled "B" in each panel
represents simultaneous measurements of the background intensity. (A) Imaging during
the period of migration in 4 mM Ca?+. (B) Imaging after the addition of AlF,4- in saline
containing 4 mM Ca2+. (C) Imaging after the addition of AlF,- in saline containing 0 mM
CaZt. Panels A and B show the time course of Ca2+ activity in the same three cells shown
in Figure 5 (double-headed arrows indicate times when images were captured for generating
Figs. 5A and B); traces in panel C represent cells from a separate preparation.

(D-F). Histograms of the number of spikes displayed per injected cell during 20
minutes of continuous imaging: (D), before AlF4- application; (E), after AIF, in 4 mM
Ca?* saline; and (F), after AlF4- in O mM CaZ2+ saline. A spike was defined as a transient
increase in fluorescence greater than 50% of baseline intensity in the cell. The total # of
cells in each condition was 56, 27, and 29, respectively.
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stimulates heterotrimeric G proteins; Kahn, 1991; Northrup et al., 1983) was applied to the
cultured embryos, large, transient increases in Ca2+ occurred in the majority of cells imaged
(Fig. 5B). Figure 6A and 6B show the changes in the average pixel intensities of the same
three cells injected in figure 5, before and after AIF4~ administration in the presence of
external Ca+. After a short delay, all three cells began to spike intermittently. In 81% of the
EP cells examined (Fig. 6E), AlF4~ caused at least one Ca2* spike which transiently elevated
the fluorescent intensity of the cells by an average of 75% above baseline. The spikes were
characterized by a relatively steep average rise time of 12.8 seconds, followed by a slower
recovery of 54.5 seconds before returning to baseline. The number of spikes displayed by
an individual cell within the recording period was variable: 11/22 cells displayed only a single
transient, while the rest exhibited multiple spikes (Fig. 6E). To control for non-specific
effects of aluminum on the cells, we substituted AlF4~ with AICl3, a compound that does not
stimulate G protein activity (Northrup et al., 1983) and has no effect on EP cell migration
(Horgan et al., 1994). This treatment did not induce changes in intracellular Ca2+ within any
of the migrating neurons examined (0/14 cells; data not shown). These results provide a
correlation between the inhibitory effects of AlF4~ on migration (Horgan et al., 1994) and
that of elevated Ca2*, suggesting that G protein activation in the migratory EP cells regulates
their motility in a Ca2+-dependent manner.

To determine if the AlF4™-induced spikes were dependent upon extracellular Ca2+, we
imaged neurons in embryos that were cultured in saline containing 0 mM added Ca2+. Under
these conditions, AIF4™ no longer induced spiking activity in most of cells observed (Fig. 6C
& F). Both the total number and frequency of Ca2* transients observed in 0 mM Ca2+ were
decreased: only 17% of cells responded to AlF4~ with any Ca2+ transient activity, and most
of those displayed only a single spike over the duration of the experiment. In addition, the
overall size of the residual spikes was somewhat reduced (only a 47% increase in fluorescent
intensity in 0 mM CaZ* versus a 75% increase in 4 mM Ca2+). These observations indicate

that Ca2+ influx from extracellular sources is required for initiating the periodic spiking
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activity stimulated by AlF4~ and contributes to the observed increase in intracellular Ca2+. In
combination with the results of our mastoparan treatments in defined saline, they support a

model for the Ca2+-dependent regulation of neuronal migration by G,

DISCUSSION

The experiments described in this paper demonstrate a functional relationship between
intracellular levels of Ca?* and the activity of G proteins in the control of neuronal migration.
By using an embryonic preparation of Manduca, we have been able to investigate the role of
these two signaling molecules within individual migratory neurons in vivo. Manipulations
designed to increase intracellular concentrations of Ca2+ consistently caused dose-dependent
decreases in migration. In contrast, lowering Ca2+ levels within the neurons promoted
nonselective or misdirected migration and outgrowth onto inappropriate musculature. As
previously shown, the stimulation of G protein activity in the EP cells negatively regulates
their migratory behavior (Horgan et al., 1994; 1995). In this paper we have expanded these
findings by showing that Gog, the one G protein that we have detected in the undifferentiated
EP cells (Horgan et al., 1994), inhibited migration. Moreover, G protein stimulation caused
large, transient increases in Ca2* within the EP cells, while the inhibitory effect of G protein
activity on neuronal migration required the presence of external Ca2+. These results suggest
a model whereby receptor-mediated G protein activation transduces an external avoidance or
termination signal for migration. This signal results in the activation of Gy, either locally
within the leading filopodia or globally throughout the migratory neuron. G activation
subsequently leads to an increase in intracellular Ca2+, thereby down regulating neuronal

motility by one of a variety of Ca2*-dependent mechanisms (discussed below).
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Calcium as a Regulator of Neuronal Motility

As a preliminary investigation into the role of Ca2+ in EP cell migration, we used a
number of means to alter Ca2+ levels within the EP cells. In many of these experiments,
embryos were cultured in a serum-free defined saline. Although incubating embryos with
defined saline did reduce the final average distance of EP cell migration by 10-15% when
compared with embryos grown in normal culture medium, this was likely due to the slight
overall reduction in the rate of embryogenesis seen in the absence of serum (unpublished
observations). Using defined saline, we were able to manipulate the relative levels of Ca2+
surrounding the EP cells. Elevations of external Ca2+ caused a dose-dependent inhibition in
the distance of EP cell migration, as did both the application of Ca2+ ionophores and the
induction of intracellular Ca2+ release. As noted above, the use of an in vivo preparation
precluded the use of UV-activated compounds such as caged Ca2+ to affect Ca2+ levels
within individual neurons. However, none of the treatments that we employed to manipulate
intracellular Ca2* altered the morphology of the EP cells or their expression of MFas I,
indicating that these manipulations did not damage the neurons. Rather, the elevation of
intracellular Ca2* appeared to inhibit or down-regulate the migratory process selectively.

Conversely, experiments designed to lower intracellular concentrations of Ca2+ in the
EP cells resulted in different consequences. BAPTA-AM, a cell-permeable Ca2+ chelator,
caused a marked increase in misdirected migration, whereas lowering external Ca2+ levels,
either by excluding Ca2* from the culture medium or by applying the non-cell permeable
form of BAPTA, had no measurable effect on migration. The effect of BAPTA-AM could be
due to a reduction in the overall cytoplasmic level of Ca2+ (Dickens et al., 1990) or to the
ability of this compound to suppress fluctuations of Ca2+ within the cell (Gu and Spitzer,
1995; Kuijpers et al., 1992). Our results support the latter, since lowering external Ca2+
(which causes a proportional reduction in intracellular Ca2*; Gomez et al., 1995; Komuro
and Rakic, 1992; Rehder et al., 1991) did not by itself alter migration. However, the fact

that neither 0 mM CaZ2* saline nor external BAPTA disrupted migration could be due either to
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the incomplete removal of Ca2+ by these treatments or to the release of Ca2+ into the medium
from the embryo itself. Complete removal of trace levels of external Ca2* with EGTA
caused a general dissociation of the migratory neurons and embryonic death (not shown).
Residual levels of Ca?* in our 0 mM Ca2+ saline might therefore be sufficient to support
migration, although in the presence of this saline, both the effects of the Ca2+ tonophore
A23187 (Fig. 2C) and the inhibitory effects of mastoparan (Fig. 4B) were eliminated.
Alternatively, perhaps the neurons are able to compensate for low external Ca2+ by drawing
upon intracellular sources in order to maintain their migratory behavior.

As with other instances of cellular motility, the actions of Ca2+ during neuronal
migration are likely to be both complex and cell type-specific (Caterina and Devreotes, 1991).
During axon outgrowth, for example, normal growth cone motility requires the maintenance
of intracellular Ca2+ levels within a specific range, above or below which motility is inhibited
(Kater and Mills, 1991). However, the functions of Ca2+ are undoubtedly more than just
permissive: many cell surface receptors known to affect motility have been shown to be
linked to the regulation of Ca2+ (Cohan et al., 1987; Dillon et al., 1988; Schuch et al., 1989;
Snow et al., 1994), while a variety of cytoskeletal components (including several actin-
binding proteins and microtubule-associated proteins) are known to be modulated by Cat in
turn (Matus, 1991; McLaughlin et al., 1993; Sun et al., 1995).

In contrast to axon outgrowth, the molecular mechanisms of neuronal migration are
less well understood. The evidence to date refutes a solitary or generalized role for Ca2+, In
avian neural crest cells, for example, Ca2* seems to act in an inhibitory manner, since
blocking voltage-sensitive Ca?+ channels stimulated their migration (Newgreen and Gooday,
1985). In addition, measurements of intracellular Ca2+ during migration showed that
migrating crest cells had lower levels of Ca2+ than did their non-motile counterparts (Dickens
et al., 1990). However, in cerebellar granule cells of the CNS (Fishman and Hatten, 1993),
elevations in Ca2+ have been suggested to play a stimulatory role, possibly in response to the

neurotransmitter glutamate (Rakic and Komuro, 1994). Using a cerebellar brain slice

104



preparation, Komuro and Rakic (1992; 1993) found that a variety of treatments intended to
lower Ca2+ levels (including application of N-type Ca2+ channel blockers, NMDA receptor
antagonists, and reduced Ca2+ saline) caused a decrease in granule cell migration. In support
of this model, they subsequently showed that fluctuating changes in Ca2+ within granule
cells in vitro correlated with their saltatory movement (Komuro and Rakic, 1996). Using a
fluorescent Ca2*-indicator, they observed oscillating increases and decreases in Ca2+-
dependent fluorescence of 5-25% that last ~1-2 minutes in the somata of migrating cells. In
contrast, we did not observe any regular, periodic oscillations in the relative levels of Ca2+
within the EP cells during their normal migration in vivo, although brief, spontaneous
changes on the order of 5-10% were seen at irregular intervals throughout the recording
period (Figs. SA & 6A). It is possible that these relatively small Ca2+ fluctuations are similar
to those observed by Komuro & Rakic, or they may represent Ca2+ oscillations within the
filopodia of the EP cells that were beyond the resolution of our detection system.
Conversely, the much larger Ca2+ spikes that we observed following G protein stimulation
appear to play an inhibitory role, curtailing migration. Thus, Ca2* oscillations may serve
both stimulatory and inhibitory functions during neuronal migration, depending on the size
and possibly the location of the event within the cell. However, it remains to be determined
in our system whether the oscillation of intracellular Ca?+ (Gu and Spitzer, 1995) or a
concomitant elevation in the baseline levels of Ca2* (Kater and Mills, 1991) is ultimately

responsible for regulating neuronal migratory behavior.

G Protein Regulation of Migration

Unlike the well-studied mechanisms of Go-dependent processes in the mature
nervous system, the roles that Go serves during neuronal development are only partially

understood. However, information from other cell types has implicated G proteins, and

specifically Go, in the control of cellular motility. For example, in the immune system, the

chemotactic responses of polymorphonuclear leukocytes towards both N-formylated peptides
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and platelet activating factor are mediated by a pertussis toxin-sensitive G protein (Caterina
and Devreotes, 1991; Dillon et al., 1988; Ptasznik et al., 1995), implicating members of the
Goy/i family. In addition, a variety of chemokines (including RANTES and interleukin-8) are
able to stimulate the migration of leukocytes by activating G/ mediated pathways (Bacon et
al., 1995; Wu et al., 1993). Studies of the migratory behavior of Dictyostelium have
similarly shown that multiple G proteins mediate the response to specific chemoattractants
(Caterina and Devreotes, 1991; Devreotes and Zigmond, 1988).

G proteins have also been implicated in the control of process outgrowth from
neurons and neuron-like cells, although their specific functions appear to vary with respect to
cell type. In PC-12 cells, for example, neurite outgrowth was prevented by pertussis toxin
(Doherty et al., 1991; Schuch et al., 1989; Williams et al., 1992), while the activation of Go
within both PC-12 cells and N1E-115 neuroblastoma cells caused a marked increase in
neurite outgrowth (Strittmatter et al., 1994; Xie et al., 1995). Conversely, in cultures of both
DRG and retinal neurons, a pertussis-sensitive G protein has been shown to be required for
the induction of growth cone collapse by brain membrane extracts (Igarashi et al., 1993), the
active component of which has been identified as collapsin (Luo et al., 1993). Furthermore,
dopamine and serotonin, both of which cause neuron-specific growth cone collapse in
cultured neurons (Haydon et al., 1984; Lankford et al., 1988; McCobb et al., 1988), exert
their effects via G protein-coupled receptors (Jackson and Westlind-Danielsson, 1994:
Sandou and Hen, 1994). G is a highly abundant protein in the nervous system (Brabet et
al., 1988; Strittmatter et al., 1990); its onset of expression coincides with the initial
differentiation of embryonic neurons (Otte et al., 1992; Pituello et al., 1991) and continues
throughout the periods of their migration and outgrowth (Garibay et al., 1991; Schmidt et al.,
1994; Wolfgang et al., 1991), making G a likely participant in the control of these
processes. However, the specific functions of Gg during the formation of the nervous

system have remained elusive.
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In the migratory EP cells of Manduca, onset of Gog, expression precisely
corresponds with the initiation of their migration and continues until the end of their
outgrowth (Horgan et al., 1994; 1995), suggesting that it might participate in the regulation
of motility. In the present work, we have confirmed the inhibitory role of G proteins with
respect to EP cell migration and, in conjunction with our previous work, demonstrated that
Gog can itself down-regulate the migratory process (Fig. 4A). We have also begun to
investigate the downstream signals by which G might induce this inhibition. The
demonstration that AlF4~ leads to large, global increases in Ca2* within the EP cells explains
the inhibitory effect of AIF4~ on migratory behavior Horgan et al., 1994), since increases in
intracellular Ca2+ levels also reduced migration (see above). Although AlFy4" is known to
stimulate all heterotrimeric G proteins (but not Ras-related small G proteins; Kahn, 1991),
our previous investigations into the developmental expression of G proteins in the EP cells
indicated that only Go is present during their migration (Horgan et al., 1994), Similarly,
intracellular injections of mastoparan (a specific activator of Gg and Gj) also inhibited EP cell
migration, an effect that was prevented when extracellular Ca2+ was removed (Fig. 4B).
Because all of the present studies were performed in vivo, it was not possible to image
changes in intracellular Ca2+ simultaneously with the injection of individual neurons;
nevertheless, these results suggest that the activation of G requires an influx of Ca2+ to
mediate its inhibitory effect, and that activated Gog, induces this influx either directly or
indirectly. In combination, our data favor a role for Gg in raising the intracellular

concentration of Ca2+, which in turn results in a regulated inhibition of EP cell migration.

Calcium-Mediated Effects of G proteins

While a variety of interactions between G proteins and CaZ*-dependent processes
have been described in other systems, the mechanism by which Go might regulate Ca2+ in

the EP cells is still unclear. One obvious explanation would involve a Go-mediated

enhancement of voltage-sensitive Ca2+ currents (Hille, 1994). However, based on
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preliminary data, this is not likely to be the case within the migratory EP cells. In
unpublished observations, we have found that 1) a number of specific Ca2+ channel blockers
applied in embryonic culture had no effect on migration; 2) the application of high K+ saline
solutions to the embryos, which should cause the depolarization of neurons and lead to the
opening of voltage-sensitive Ca2+ channels, also had no effect; 3) a preliminary analysis of
the electrophysiological characteristics of the EP cells has suggested that the neurons do not
begin to acquire any voltage-gated inward currents until the end of migration; and 4) Go
activity is normally associ<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>