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Abstract 

During the embryonic development of the nervous System, groups of multipotent 

cells proliferate, migrate, and differentiate to become neurons. The new born neurons 

need to make précise connections with their targets. Thèse may be a great distance away 

from their soma. To make thèse connections, neurons send their axon through a 

biochemically complex environment and their growth cônes may make many guidance 

décisions on the ways to their targets. 

The existence of axon guidance molécules was inferred by the early classical neuro-

anatomists. We now know of multiple examples of secreted or membrane-bound proteins 

that either attract or repel axonal growth cônes by causing the growth cône to collapse or 

extend. The molecular mechanisms that regulate growth cône collapse or extension are 

closely linked to reorganization of the cytoskeleton. The small Rho GTPases, Cdc42, Rac, 

and Rho play key rôles in neuronal growth cônes by regulating the organization of the 

cytoskeleton. 

Netrins are a small family of secreted guidance eues that are implicated in the 

attraction and repulsion of axons during the development of the nervous System. The 

netrin-1 receptor deleted in colorectal cancer (DCC) is highly expressed by commissural 

neurons in the developing spinal cord. The findings described hère show that DCC is 

présent at the tips of filopodia and the edges of lamellipodia of HEK293T, NG108-15 

neuroblastoma-glioma cells, and the growth cônes of embryonic rat spinal commissural 

neurons. Furthermore, netrin-1 protein causes an increase in filopodia number and surface 

area of embryonic rat commissural neuron growth cônes and the cell fines when 

transfected to express DCC. Further experiments indicated that netrin-1 activâtes the 

small GTPases Cdc42 and Racl in the cell lines and the embryonic rat commissural 
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spinal cord neurons. The activation of Cdc42 and Racl by netrin-1 requires DCC. 

Furthermore, netrin-1 causes increased phosphorylation of Pakl, an effector for both 

Cdc42 and Racl. Expression of a dominant négative form of N-WASP, an effector for 

Cdc42, blocks the netrin-1 induced morphological changes in the growth cônes of 

commissural neurons. Evidence is presented that netrin-1 induces the formation of a 

complex of proteins interacting with the intra-cellular domain of DCC that includes Nckl, 

Cdc42, Racl, Pakl, and N-WASP. The findings described lead to a model whereby 

netrin-1 binding to DCC triggers the activation of Cdc42 and Racl, which leads to actin 

based membrane extension and changes in growth cône morphology. 
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Résumé 

Au cours du développement embryonnaire du système nerveux central, plusieurs 

cellules souches prolifèrent, migrent et se différencient en neurones. Ces nouveaux 

neurones doivent établir des connexions précises avec leur tissu cible et parfois cette cible 

se trouve à une grande distance du soma. Afin d'établir ces connexions, les neurones 

étendent leur axone à travers un environnement biochimiquement fort complexe et en 

cours de route, leurs cônes de croissance doivent prendre plusieurs décisions afin 

d'attendre leurs cibles. 

L'existence de molécules pouvant guider l'axone fut proposée, il y a plusieurs 

années, par certains neuro-anatomistes. Depuis, plusieurs protéines sécrétées ou attachées 

à la membrane ont été identifiées. Elles peuvent avoir un effet attractif ou répulsif sur les 

cônes de croissance en causant leur extension ou leur rétraction. Les mécanismes 

moléculaires régulant ces phénomènes sont étroitement liés à la réorganisation du 

cytosquelette. 

Les nétrines forment une petite famille de protéines causant l'attraction ou la 

répulsion des axones au cours du développement de système nerveux central. Le 

récepteur « deleted in colorectal cancer » (DCC) à la nétrine-1 est largement exprimé par 

la moelle épinière durant son développement. Les résultats rapportés dans cette thèse 

démontrent que DCC est présent à l'extrémité des filopodes et en bordure des 

lamellipodes des cellules HEK293T, des glioblastomes NG108-15 et des cônes de 

croissance des neurones commissuraux provenant de moelle embryonnaire de rat. 

Également, nous avons observé que la nétrine-1 induisait F augmentation du nombre des 

filopodes et de la surface cellulaire des lignées de cellules où DCC avait été transfecté. 
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Ces résultats se sont avérés également reproductibles au niveau des cônes de croissance 

des neurones commissuraux. 

Des expériences complémentaires indiquent que dans ces mêmes cellules, la 

nétrine-1 via son récepteur DCC peut activer certaines petites GTPases (Cdc42 et Racl). 

Egalement, elle induit la phosphorylation de PAK1, un effecteur de Cdc42 et de Racl. 

L'expression d'un «dominant négatif» pour N-WASP, un autre effecteur de Cdc42, 

bloque les modifications morphologiques des cônes de croissance de neurones 

commissuraux induites par la nétrine-1. Nous démontrons également que nétrine-1 induit 

la formation d'un complexe de protéines interagissant avec le domaine intracellulaire de 

DCC. Celui-ci est composé de Nckl, Cdc42, Racl, Pakl et de N-WASP. Les résultats 

décrits dans cette thèse suggèrent un modèle selon lequel nétrine-1 se lie à DCC ce qui 

déclenche Factivation des Cdc42 et Racl, qui à leur tour via Factine entraîne des 

changements morphologiques au niveau du cône de croissance. 
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Chapter 1 

General Introduction 

Cell prolifération, migration, and differentiation profoundly influence cellular fate 

during embryonic development. The vertebrate nervous System develops from a région of 

ectoderm that lies along the dorsal midline of the embryo. This région, the neural plate, 

then folds and forms a hollow structure called the neural tube that is composed of a 

neuroepithelial cell layer that générâtes the neurons and glia of the central nervous System 

(CNS). Neuroblasts (neuronal precursor cells) bom in the early neuroepithelium remain in 

the CNS and differentiate into the neurons of the brain and spinal cord. The neural crest 

cells are also generated from the neuroepithelum but then migrate out of the neural tube 

and form peripheral tissue and neurons (reviewed by Gilbert, 1997). 

A newbom neuron must still extend processes to innervate its spécifie target cells. To 

accomplish this, the axon must navigate through a very complex environment. The 

molecular mechanisms that guide extending axons include chemoattraction, contact 

attraction, chemorepulsion and contact repulsion. Thèse molecular eues influence the 

direction of growth cône movement by promoting or inhibiting the movement of the 

growth cône on its path to a target (reviewed by Tessier-Lavigne & Goodman, 1996). A 

major accomplishment over the past two décades has been the identification of multiple 

families of proteins that function as guidance eues for extending axons. 



Axonal Guidance in the Nervous System 

Three remarkable contributions to our understanding of how the nervous System 

develops occurred in the late 19th and 20th centuries. The first were observations by 

Santiago Ramôn y Cajal (1890) in the developing chick spinal cord. Using Golgi staining, 

he described: 

"... This fiber [of the commissural neuron] ends...in an enlargement which may be 

rounded and subtle, but that may also adopt a conical appearance. This lutter we shall 

name the growth cône, that at times displays fine and short extensions...which appear to 

insinuate themselves between the surrounding éléments, relentlessly forging a path 

through the interstitial matrix " 

In addition, Ramôn y Cajal not only described the growth cône for the first time, but 

also reported the fine extensions now known as filopodia. The second turning point was 

the formulation of the chemoaffinity theory by Roger Sperry in 1963. In this theory, 

Sperry suggested the existence of at least two cytochemical gradients in the retina and the 

tectum that would direct the formation of a retino-topographic projection (Sperry, 1963). 

Friedrich Bonhoeffer and colleagues were responsible for the third key discovery in the 

1970s and 80s. Using an in vitro assay and making stripes from anterior and posterior 

membrane préparations, they took the first steps toward identifying the molecular eues 

proposed by Sperry by demonstrating that the growth cônes from neurons in the temporal 

half of retina can differentiate between cell membranes derived from the anterior and 

posterior régions of the tectum (reviewed by Baier & Bonhoeffer, 1992). 

Below, I summarize key findings related to families of axon guidance eues and their 

mechanisms of action that hâve been discovered so far (Fig. 1). 



The Semaphorin Family 

The semaphorins are a large family of axon guidance molécules that are 

characterized by a conserved -500 amino acid N-terminal domain called a semaphorin 

motif. They are présent in transmembrane and secreted forms. Class 1 (membrane-bound) 

and class 2 (secreted) semaphorines are expressed in invertebrates. In vertebrates, 

semaphorins range from class 3 to class 7. Class 3 is the only secreted vertebrate 

semaphorin. The remaining classes (class 4-7) are transmembrane semaphorins with 

small cytoplasmic domains. An exception is class seven semaphorins, which are 

glycosylphosphatidylinositol (GPI) anchored (reviewed by Culotti & Kolodkin, 1996; 

Kolodkin, 1998). 

Collapsin-1 (now called Sema-3A/Sema-III) was the first member of the semaphorin 

family identified. It was purified from embryonic chick brain membranes on the basis of 

its ability to induce growth cône collapse in chick sensory axons (Luo et al., 1993). The 

grasshopper homolog of Sema-3a was identified, named Sema-la (fasciclin IV), and 

shown to function as a repellent in the CNS (Winberg et al., 1998). In vitro, Sema-3a 

inhibits the growth of sensory and motor axons; Sema-3b and Sema-3c repel sympathetic 

ganglion axons; Sema-3e and Sema-3f cause collapse of growth cônes from dorsal root 

ganglion axons and hippocampal axons, respectively (Adams et al, 1997; Chedotal et al, 

1998; Miyazaki et al., 1999). Mutant mice lacking Sema-3a show modest abnormalities 

in axonal targeting in the spinal cord as well as reduced fasciculation of the trigeminal 

projection (Taniguchi et al., 1997). The fact that more severe abnormalities are not 

produced in the absence of a single semaphorin is likely due to the présence of redundant 

molecular mechanisms operating in the developing CNS. 



Semaphorins also function as attractants for extending axons. For example, Sema-3c 

attracts the axons of cortical neurons, and Sema-3b attracts olfactory bulb axons in vitro 

(Bagnard et al., 1998). Ectopic expression of Sema-la in grasshopper epithelium causes 

Til axons to tum towards the région of espression (Wong et al., 1997; de Castro et al., 

1999; Wong et al., 1999). Two families of transmembrane proteins: neuropilins (1 and 2) 

and plexins (A 1-4, B1-3, Cl and Dl) are known to bind semaphorins. Thèse proteins can 

form homo- and heteromeric complexes to act as a receptor complex for différent 

semaphorins (reviewed by Fujisawa & Kitsukawa, 1998; Roskies et al., 1998; Yu & 

Kolodkin 1999). Neuropilin-1 binds Sema-3a, Sema-3c, and Sema-3f, and both in vitro 

and in vivo experiments hâve shown that neuropilin-1 is a Sema-3a receptor (He & 

Tessier-Lavigne, 1997; Kitsukawa et al., 1997). Neuropilin-2 binds Sema-3b, Sema-3c, 

and Sema-3f but not Sema-3a, and is implicated in the répulsive effects of Sema-3f in 

vitro (Chen et al., 1997). Plexin A binds Sema-la and Sema-lb in grasshopper neurons in 

vitro. Importantly, similar phenotypes hâve been reported for loss-of-function of plexin A 

and Sema-la (Winberg et al., 1998). In D. melanogaster plexin A controls motor and 

CNS axon guidance (Winberg et al., 1998). Human plexin Cl binds Sema-7a and plexin 

Bl binds Sema-4d while class 3 semaphorins do not bind plexins (Tamagnone et ai, 

1999). Plexin-A3, which is ubiquitously expressed in the mammalian nervous System is 

implicated in Sema-3f and Sema-3a signaling and régulâtes hippocampal axonal 

projections (Cheng et al., 2001). 



Ephrins 

Ephrins and Eph receptors are a large family of ligands and receptors that médiate 

growth cône collapse and axon repulsion. They are thought to act by contact repulsion 

mechanisms in vertebrates (reviewed by Frisen et al., 1999). 

Eph receptors contain two fibronectin repeats on their extracellular domain and a 

tyrosine kinase motif in their intracellular région. The ligands, ephrins, include type A 

ephrins that are plasma membrane linked by GPI anchors and type B ephrins that are 

transmembrane proteins. EphA receptors interact with type A ephrins with the exception 

of EphA4 which is a receptor for both A and B ephrins. EphB receptors bind type B 

ephrins. There are four predicted GPI-anchored ephrins and one Eph receptor in the C. 

elegans génome (reviewed by Cutforth & Harrison, 2002). Two Eph receptors hâve also 

been identified in D. melanogaster (reviewed by Kullander & Klein, 2002). 

The répulsive effect of ephrins and their receptors was first described in vitro on 

hippocampal and entorhinal neurons using stripe assays from membrane préparations of 

NIH 3T3 cells transfected with ephrin-A2 and ephrin-A3, respectively (Stein et ai, 1999). 

Substrate-bound ephrin-A5 repels retinal and ventral spinal cord neurons, while 

substantia nigra neurite outgrowth is inhibited by ephrin-B2 in vitro (Yue et al., 1999). 

Overexpression of ephrin-A2 or ephrin-A5 by retinal axons leads to errors in targeting 

within the tectum, while ectopic expression of ephrin-A2 or ephrin-A5 disrupts midline 

crossing of axons in the optic chiasm (Dutting et ai, 1999; Homberger et al., 1999). 

Eph mutant mice show many axon guidance errors in différent régions of the CNS. 

For example, superior collicular neurons in EphA8 déficient mice display misrouting of 

axons in the cervical spinal cord. Also, in EphB3 mutant mice axons fail to cross the 

midline leading to defects in the formation of the corpus collosum (reviewed by Frisen et 



al., 1999). However, ephrins and eph receptors hâve also been implicated in 

attraction/adhésion functions (reviewed by Holmberg & Frisen, 2002). 

Signal transduction in this family of axon guidance molécules involves formation of 

a receptor complex. Ligand binding induces signaling responses not only downstream of 

the receptor complex (forward signaling) but also in the ephrin expressing cells (reverse 

signaling). Binding of receptor and ligand causes phosphorylation of the receptors and 

also in some cases activâtes other kinases in the ligand expressing cells. Target 

phosphoproteins appear to include components of the cytoskeleton that in tum cause 

growth cône collapse or repulsion (reviewed by Schmucker & Zipursky, 2001; Kullander 

& Klein, 2002). 

Slit and the Roundabout Family of Receptors 

Using a genetic screen, Seeger and collègues identified mutations that disrupt growth 

cône guidance at the midline of the D. melanogaster CNS and called them roundabout 

(robo) (Seeger et al. 1993). In robo mutant Aies growth cônes of pCC, MPI, and vMP2 

neurons that normally form ipsilateral projections, inappropriately cross the midline. For 

example, the growth cône of RP1 neurons that normally would cross the midline only 

once, cross more than once in a robo mutant (Kidd et al., 1998; Tear et al., 1996). Similar 

phenotypes were observed in C. élégance sax-3 mutants, which encodes the nematode 

homolog of Robo (Zallen et al, 1998). Robo encodes a receptor with a high level of 

expression in non-crossing axons suggesting a chemorepellent rôle for Robo (Kidd et al, 

1998). The midline glial cells express Slit, which has been shown to function as a ligand 

for Robo and act as a repellent for non-crossing axons. Furthermore, Slit proteins repel 



both migrating mesodermal cells and neuronal cell bodies (Kidd et al, 1999; Bashaw & 

Goodman, 1999). Slit 1 and Slit 2 knockout mice exhibit severe defects in many axon 

projections including corticofugal, callosal, and thalamocortical tracts. Thèse mice 

revealed that Slit proteins define a ventral boundary and prevent axons from crossing or 

recrossing the ventral régions (Bagri et al, 2002). Slit 1 has also been implicated in the 

formation and branching of the dendrites of cortical neurons (Whitford et al, 2002). 

Différences between slit and robo mutants strongly suggested the présence of additional 

receptors for slit (reviewed by Guthrie, 2001). 

Mechanisms of Robo mediated signal transduction hâve recently been reported 

(reviewed by Ghose & Van Vactor, 2002). Robo activity is regulated by an interaction 

with the netrin-1 receptor DCC (see below) (Stein & Tessier-Lavigne, 2001; Bashaw & 

Goodman, 1999). The intracellular domain of Robo also interacts with the abelson (Abl) 

tyrosine kinase. Furthermore, the abl substrate Ena régulâtes Robo function (Bashaw et 

al, 2000). Robo also appears to signal via the small GTPases by binding to a novel GAP 

(see below). 

Netrins and Netrin Receptors: helping to guide via attraction and repulsion 

Using explants from dorsal and ventral halves of embryonic rat spinal cord in vitro, 

Marc Tessier-Levigne et al. (1988) showed that commissural spinal neurons are attracted 

to the floor plate at the ventral midline. This assay provided direct évidence that diffusible 

factor(s) secreted from the floor plate guide commissural axon extension. Netrins are a 

family of secreted proteins initially purified from embryonic chick brain (Kennedy et al, 

1994; Serafmi et al, 1994). They are a highly conserved family of proteins of-65 KD in 

size. They are composed of three domains: VI, V, and C. Domains VI and V are 



homologous to domain VI and V of laminin. Domain C is highly charged and has some 

séquence similarity to carbonic anhydrase (C domain) (reviewed by Manitt and Kennedy, 

2002). Five mammalian netrins hâve been identified so far. Mammalian netrin-1 is an 

ortholog of chick netrin-1 with the ability to guide commissural axons (Serafini et al, 

1996). Netrin-3, first cloned from mouse, is homologous to human netrin-2-like 

(NTN2L), and is highly expressed in the peripheral nervous System (PNS) by sensory 

ganglia, mesenchymal cells, and muscles during PNS development (Wang et al, 1999). 

Netrin-Gl has six isoforms, 5 of which are membrane anchored by a GPI linkage. They 

are expressed in différent CNS régions during development including olfactory bulb, 

thalamus, and deep cerebellar nuclei. A secreted form of netrin-Gl failed to attract 

circumferentially growing axons from the cerebellar nuclei (Nakashiba et al, 2000). Mice 

also express netrin-G2, which like netrin-Gl, has not been demonstrated to attract axon 

growth as a soluble protein. However, netrin-Gl and netrin-G2 both promote neurite 

outgrowth from neocortical and thalamic neurons when recombinant protein is applied as 

an immobilized substrate (Nakashiba et al, 2002). Netrin-G2 is expressed in the cérébral 

cortex, habenular nucleus, and superior colliculus (Nakashiba et al, 2002). The séquence 

of netrin-4 or (3-netrin is more similar to the P chain of laminin than to other netrins and 

its expression has been detected in kidney, heart, ovary, retina, and the olfactory bulb. 

Secreted recombinant netrin-4 can induce neurite outgrowth from olfactory bulb explants 

(Koch et al, 2000; Yin et al, 2000). 

Netrin A and netrin B make up the netrin family in D. melanogaster. Thèse netrins 

play an important rôle attracting commissural axons toward the ventral midline in the 

developing fly CNS. The first netrin described, UNC-6, was identified as a resuit of a 

genetic screen in C. elegans (Hedgecock et al, 1990). Unc-6 mutants exhibit disrupted 
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projections for axons growing toward or away from the ventral midline (reviewed by 

Tessier-Lavigne & Goodman, 1996; Wadsworth, 2002). 

Récent studies hâve revealed two classes of receptors for netrins: the UNC-5 

homolog family and the DCC family. UNC-5 in C. elegans and UNC-5 homologs in 

mammals médiate the repellent response to netrins. The DCC family includes UNC-40 in 

C. elegans, Frazzled in D. melanogaster, and deleted in colorectal cancer (DCC) and 

neogenin in mammals. Thèse receptors contribute to mediating both attractant and 

repellent responses to netrin (reviewed by Manitt and Kennedy, 2002). 

Netrin receptor function has been studied in détail in D. melanogaster, C. elegans 

and vertebrate species. Hedgecock and et al. (1990) showed that in C. elegans the 

migration of pioneer axons extending either toward or away from the ventral midline is 

disrupted in unc-6 mutants. Unc-5 mutants exhibit defects in ventral to dorsal axon 

trajectories, while nnc-40 mutants exhibit defects in dorsal to ventral axon migration. 

Mutations of frazzled, the DCC homolog in D. melanogaster, causes defects in the 

developing fly CNS that are functionally similar to those found in unc-40 mutants 

(Kolodziej et al, 1996). Consistent with the Unc-5 phenotype in C. elegans, Unc-5 

mutations in fly cause disruptions in a subset of motor neuron projections that normally 

do not cross the ventral midline (Keleman & Dickson, 2001). 

In vertebrate species, DCC and neogenin were identified as candidate netrin receptors 

on the basis of their homology to UNC-40 and Frazzled (Keino-Masu et al, 1996). 

Although netrin-1 binds neogenin, its function remains unknown. Mice that are déficient 

in either DCC or netrin-1 show very similar phenotypes, including defects in axonal 

trajectories and targeting to the spinal commissure, forebrain commissure, hippocampal 

commissure, corpus callosum, optic dise, and hypothalamus. Thèse findings demonstrate 



that netrin-1 and DCC make essential contributions to the development of axonal 

projections in a variety of CNS régions (Fazeli et al, 1997; Serafini et al, 1996). UNC-5 

homologs in vertebrates hâve been identified. In mouse, the UNC-5 homolog 3 (UNC-

5H3) or RCM (rostral cerebellar malformation) is required for appropriate cerebellar 

development (Ackerman et al, 1997; Przyborski et al, 1998). Two other vertebrate 

members, UNC-5H1 and UNC-5H2, were cloned from rat (Ackerman et al, 1997; 

Leonardo et al, 1997), and UNC-5H4 has recently been identified in mouse and human 

(Engelkamp, 2002). 

Deleted in Colorectal Cancer (DCC): what is a tumor suppressor doing in the 

developing spinal cord? 

DCC was first identified in a study of alleles lost from chromosome 18q associated 

with colorectal carcinomas (Fearon et al, 1990). In addition, DCC expression is lost or 

reduced in other cancers, including stomach, breast, prostate, brain, and some leukemias 

(reviewed in Cho & Fearon, 1995). Loss of DCC expression is correlated with cancer 

progression and metastasis (Reyes-Mugica et al, 1997; Reyes-Mugica et al, 1998). The 

DCC gène is large, located at chromosome band 18q21.1 composed of over 1.35 million 

base pairs and including at least 29 exons. The gène encodes a transmembrane protein of 

approximately 1447 amino acid in size that belongs to the immunoglobulin superfamily 

(Ig). Its extracellular domain contains four immunoglobulin-like domains and six 

fibronectin type III-like domains. In its intracellular domain, -325 amino acids, there is 

very little séquence similarity to other proteins other than several proline rich domains. 

Well-conserved DCC homologs hâve been found in rat, mouse, chicken, and Xenopus. 
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Human DCC shares -85% amino acid identity with the Xenopus DCC homolog and 

-94% with chick DCC (Hedrick et al, 1994). 

In vertebrate species, DCC is expressed in epithelia at a low level and in 

differentiated colon goblet cells (secretory cells) (Hedrick et al, 1994). In the nervous 

System, DCC is expressed in the spinal cord, retina, hippocampus, and cerebellum. DCC 

protein is distributed on axons of commissural neurons, motor neurons, granule cells, and 

retina ganglion cells (RGCs) during the development of the spinal cord, hippocampus and 

retina (Deiner et. al, 1997; Shu et. al, 2000; Keino-Masu et. al, 1996). 

The one additional member of the DCC family in vertebrates is neogenin. Its 

expression has been described in neurons during terminal differentiation and in the 

gastrointestinal tract of the chick embryo (Vielmetter et al, 1994). Although netrin-1 

binds neogenin in vitro, neogenin is not expressed in commissural neurons and does not 

appear to contribute to their guidance. A function for neogenin remains to be identified 

(Keeling et al, 1997; Reale et al, 1994). 

DCC Plays a Central Rôle in Growth Cône Attraction and Repulsion 

Assays examining the outgrowth of axons from explants from embryonic rat spinal 

cord and axon guidance assays using cultured embryonic Xenopus neurons hâve 

demonstrated that DCC plays an essential highly conserved rôle directing commissural 

axons to the ventral midline of the developing vertebrate CNS (de Hopker et al, 1997; 

Keino-Masu et al, 1996). 

In addition, netrin-1 repels trochlear motor neurons, a subset of spinal motor neurons 

that réside in the ventral half of spinal cord (Colamarino 8c Tessier-Lavigne, 1995). 

Interestingly, after spinal commissural axons reach the ventral midline they are repelled 
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from the netrin-1 producing cells (Zou et al, 2000). This repulsion suggests the existence 

of a molecular mechanism that suppresses the netrin-1 induced attraction of commissural 

neurons. 

Two important findings hâve shed light on the molecular basis of netrin-1 induced 

repulsion. First, growth cônes of cultured spinal cord neurons from Xenopus turn toward a 

netrin-1 source in vitro, however, in the présence of an inhibitor of protein kinase A, the 

growth cônes tum away from netrin-1 (Ming et al, 1997). Thèse experiments hâve shown 

that the concentration of c AMP within the growth cône dramatically influences the type 

of turning response made to netrin-1 (Song et al., 1998; Song et al, 1997; reviewed in 

Song & Poo, 2001). A second séries of experiments indicated that a receptor complex 

détermines the response made by a growth cône to netrin-1. A chimeric receptor 

composed of the extracellular domain of Robo and the intracellular domain of Frazzled (a 

DCC homolog) expressed in D. melanogaster mediated a repellent response to cells 

expressing netrin-1 at the midline and muscle cells that express netrin-1. A chimera made 

of the intracellular domain of Frazzled and extracellular domain of Robo directed an 

attractant response toward the Slit-producing midline cells (Bashaw & Goodman, 1999). 

Microinjecting mRNAs encoding unc-5hl, unc-5h2 or unc-5 into Xenopus spinal cord 

neurons cultured in vitro caused their growth cônes to be repelled from a source of netrin-

1. Protein chimeras composed of the intracellular domain of UNC-5H2 and extra-cellular 

domain of DCC could convert attractive responses to repellent responses toward netrin-1 

in thèse neurons. Thèse experiments demonstrated that UNC-5 proteins play an essential 

rôle mediating the repellent action of netrin-1 in the présence of DCC (Hong et al, 1999). 

On the other hand, Robo and DCC directly interact in the présence of Slit protein. Slit 

silences netrin-1 mediated attraction in stage 22 Xenopus spinal neurons, but does not 
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affect the response of growth cônes to netrin-1 in outgrowth assays (Stein & Tessier-

Lavigne, 2001). This action of Slit and Robo, silencing the DCC mediated response to 

netrin-1, has been proposed to cause commissural axons to cross the midline only once, 

blocking them from re-crossing back. 

Small Rho GTPases and Axon Guidance 

The Rho family of small GTPases belongs to the larger Ras super-family. Rho (Ras 

homology) was identified first in Aplysia and then in human (Madaule & Axel, 1985). 

The Rho family is divided into 5 groups. (1) RhoA, RhoB, and RhoC; (2) Racl, Rac2, 

and RhoG; (3) Cdc42 and TC10; (4) RhoD; and (5) RhoE and TTF (Foster et al, 1996; 

reviewed by Ridley, 1996). They are low molecular weight proteins with highly 

conserved amino acid séquences. In the late 1980s and early 1990s thèse proteins were 

discovered to play an important rôle regulating cell morphology. Importantly, they were 

shown to be required for extracellular stimuli to induce stress fiber formation in fibroblast 

cells (Paterson et al, 1990; Ridley & Hall, 1992). Among them RhoA, Cdc42 (cell 

division cycle 42), and Racl (Ras-related C3 botulinum toxin substrate 1) hâve been 

particularly well studied in vitro and in vivo (reviewed by Hall, 1998). 

Small GTPases act as molecular switches that are transiently activated by binding 

GTP and inactivated by replacing GTP by GDP. This cycle is tightly regulated by other 

proteins: GEFs (GDP/GTP exchange factors), GAPs (GTPase-activating proteins), and 

GDIs (guanine nucleotide dissociation inhibitors) (reviewed by Schmidt & Hall, 1998, 

Cherîils & Chardin, 1999; Hoffman & Cerione, 2002). 

GEFs are defined as proteins having a conserved domain of about 150 amino acids 

called the Dbl homology (DH) domain. The DH domain is required to control the GEF 
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activity toward the small GTPases. The cellular response of DH domain is coupled to 

another conserved domain called a pleckstrin homology (PH) domain. The exact rôle of 

the PH domain is not clear but it has been suggested to regulate the sub-cellular 

localization of GEFs (Zheng et al, 1996). Cdc24, which was first identified in studies of 

budding in yeast has a close homology to Dbl oncogene proteins and régulâtes yeast 

Cdc42 (Hart et al, 1991). This led to the démonstration that Dbl proteins hâve GEF 

activity in eukaryotic cells. 

Récent reports hâve suggested the présence of other families of proteins with GEF 

activity but no DH domain (reviewed by Braga, 2002). In DOCK180, which interacts 

with the adaptor protein Crk, a domain called Docker was identified with a GEF activity 

toward Rac (Brugnera et al, 2002). A novel GEF was also identified for Cdc42 with a 

new non-conventional GEF domain and no DH domain (Meller et al, 2002). 

It is believed that in vivo a small GTPase in its inactive form (GDP-bound) binds 

with relatively low affinity to its spécifie GEF(s). Binding the GEF accélérâtes the release 

of bound GDP, causing the formation of a high affinity transient binary complex between 

nucleotide-free GTPase and the GEF(s). This complex is very stable inside cells. Since 

GTP has even higher affinity for the GTPase than the GEF(s), with increasing 

concentrations of GTP, GTP quickly binds to the small GTPase and frees the GEF(s) 

(Lenzen et al, 1998). Dominant négative mutants of the small GTPases were made by 

amino acid replacements (Ridley et al, 1992; Coso et al, 1995). Thèse mutants compete 

with endogenous wild type GTPases for binding to the GEF(s), which subsequently 

produce non-active complexes. GAPs bind to the active form of the small GTPases and 

induce their intrinsic GTPase activity leading to GTP dissociation, and inactivation of the 
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GTPases. Therefore, both the activity of GEFs and GAPs are critical regulators of the 

activity of small Rho GTPases. 

GDIs also regulate small Rho GTPases. They are believed to inhibit GEFs and even 

GAPs. They interact with both GDP and GTP bound forms of Rho GTPases, but act to 

remove them from membranes, thus playing an important rôle in translocating the small 

GTPases to the membrane upon extracellular stimulation of resting cells. Three RhoGDIs 

hâve been identified: RhoGDI-1 (Rho GDI a), RhoGDI-2 (D4/Ly-GDI or RhoGDI (3), 

and RhoGDI-3 (RhoGDI y)(reviewed by Olofsson, 1999). 

Rho GTPases Are Required for Appropriate Axon Guidance 

Multiple studies indicate that Rho GTPases play a rôle in axon extension and growth 

cône motility (Fig. 2). A rôle for Cdc42 and Racl in axon growth and guidance was 

initially demonstrated in D. melanogaster where expression of constitutively active or 

dominant négative forms of Cdc42 and Racl caused defects in axonal pathfmding. 

Interestingly, defects in dendritic connectivity and structure were also detected, 

suggesting rôles in both dendritic and axonal development (Jalink et al, 1994; Luo et al, 

1994). Racl has been directly implicated in growth cône function in PC 12 cells, 

contributing to the génération of mechanical tension in elongating neurites (Lamoureux et 

al, 1997). In C. elegans, a mutant of the Rho-like GTPase mig-2 (migration-2) causes 

neuronal outgrowth defects (Zipkin et al, 1997). Dominant négative expression of Racl 

in D. melanogaster caused errors in motor axon guidance (Kaufmann et al, 1998). In 

Xenopus retinal ganglion cells (RGCs), expression of a constitutively active form of Racl 

reduced axonogenesis. Furthermore growth cône morphology was affected by expression 
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of dominant négative RhoA and wild type Cdc42 in thèse neurons (Ruchhoeft et al, 

1999). Growth cône collapse induced by ephrin-A2 has been shown to inactivate Racl. 

Interesting, this also promoted endocytosis of the plasma membrane during growth cône 

collapse (Jumey et al, 2002). 

In many cases, the expression of both active and dominant négative forms of thèse 

GTPases produced similar phenotypes in neurons. This finding is an indication of the 

importance of the précise régulation of the activity of this family of proteins during 

neuronal outgrowth and guidance. Small Rho GTPases also médiate cell migration by 

regulating focal adhésions. Rho GTPase activity can instruct a growth cône to either 

move forward, retract, or promote adhesive interactions with ECM (extracellular matrix) 

(reviewed by Schmitz et al, 2000). Other small Rho GTPases directly implicated in 

neurite outgrowth and axonal guidance include: RhoG, Rndl and TC10. RhoG induces 

neurite outgrowth when overexpressed in PC 12 cells, dominant négative Cdc42 and Racl 

inhibited this action of RhoG, and active forms of RhoG increased the level of Cdc42 and 

Racl activation. Thèse findings suggested that Rho G is an upstream regulator of Cdc42 

and Racl (Katoh et al, 2000). Rnd has also been implicated in neurite outgrowth. and 

specifically in Sema-3a signaling (Rohm et al, 2000). TC10, which has séquence 

similarity to Cdc42, has been studied in nerve régénération and caused neurite outgrowth 

when overexpressed in rat DRGs (Tanabe et al, 2000). 

Rho GTPase Activity Is Regulated by Axon Guidance Receptors 

Extracellular signais are believed to regulate activation of the small Rho GTPases by 

regulating the activity of GEFs and GAPs. In the nervous System, a GEF called Trio (the 

triple functional domain protein) contains two modules of DH-PH domains, one spécifie 
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for Racl and the other spécifie for Rho. Trio was first identified as a protein interacting 

with the intracellular domain of the receptor tyrosine phosphatase LAR (Debant et al, 

1996). Trio homologs in D. melanogaster (Dtrio) play an important rôle regulating axonal 

guidance during development of the fly nervous System (Awasaki et al, 2000; Bateman 

et al. 2000; Liebl et al, 2000; Newsome et al, 2000). The C. elegans homolog of trio, 

unc-73, is also required for axon guidance and cell migration (Steven, et al, 1998). 

GEF64C is a Rho spécifie GEF in D. melanogaster, that can suppress the repellent action 

of Robo at the fly ventral midline when ectopically expressed (Bashaw et al, 2001). 

Tiaml, the invasion-inducing T-lymphoma and metastasis 1 protein, is also a Racl GEF 

implicated in neurite outgrowth and axon formation (Kunda et al, 2001; Leeuwen et al, 

1997). Ephexin is a GEF that interacts with the intracellular domain of EphA receptors in 

the présence of ephrin A, leading to RhoA activation and inhibition of Cdc42 and Racl 

(Shamah et al, 2001). Kalirin-7 and -9, an exchange factor for Racl, and for RhoA and 

Racl respectively, are both expressed in the brain (Hansel et al, 2001). Kalirins hâve 

close homology to Trio and are présent in cell fractions enriched for the postsynaptic 

densify (Ma et al, 2001; Penzes et al, 2000; Penzes et al, 2001; Penzes et al, 2001). 

Collybistin is a recently described brain spécifie GEF for Cdc42 that is implicated in 

synapse formation and plasticity (Kins et al, 2000). It has also been recently shown that 

plexin-B family members are associated with GEF proteins. PDZ-RhoGEF and LARG 

(leukemia-associated Rho guanine-nucleotide exchange factor) proteins interact with the 

intracellular domain of plexin-B family members regulated by Sema-4d (Swiercz et al, 

2002). This interaction has been shown to cause Rho A activation. A dominant négative 

form of PDZ-RhoGEF abolishes growth cône collapse in neurons in the présence of 

Sema-4d (Swiercz et al, 2002). 
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Recently, Wong et al. (2001) hâve identified a new family of GAP proteins that are 

involved in Slit-Robo signaling (srGAPs). They hâve shown that srGAPl interacts with 

CC3 domain of Robo and causes inhibition of Cdc42 activity but increases Rho A activity 

(reviewed by Ghose & Van Vactor, 2002). Thèse investigators hâve suggested that Slit-

Robo signaling causes growth cône collapse and repulsion by inhibiting Cdc42, since a 

constitutively active form of Cdc42 could block the repellent activity of Slit. Furthermore, 

a novel protein called PDZ-RGS3 that exhibits a GAP activity for G proteins has been 

shown to bind the intracellular domain of ephrin B transmembrane proteins through its 

PDZ domain (Lu et al, 2001). Over-expression of pi 90 RhoGAP in neuroblastoma cells 

induces neurite outgrowth and mice déficient in pi90 RhoGAP hâve axon guidance errors 

(Brounsera/., 2001). 

A rôle for GDIs in axon guidance has not yet been reported, but their involvement in 

some neural Systems has been suggested. Among them, the Rab-GDP dissociation 

inhibitor is the most studied member in the brain where its mRNA increases in chick 

ciliary ganglion (CG) neurons during synaptogenesis (Ikonomov et al, 1998). 

Interestingly, mutations in this GDI are implicated in X-linked mental retardation 

(D Adamo et al, 1998). 

Downstream Effectors of Rho GTPases Regulate the Growth Cône Cytoskeleton 

The small Rho GTPases are at the center of multiple pathways responsible for 

regulating cell motility, adhésion, and the cell cycle (reviewed by Marshall, 1999; 

Schmitz et al, 2000; Tsai & Miller, 2002). There is not only cross talk between 

RhoGTPase family members, but also with Ras family members by two distinct 

mechanisms; signal divergence and signal convergence. In signal divergence, GEF(s) 
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activated by ligand/receptor binding can activate the small Rho and Ras GTPases in 

parallel, leading to a cellular response. In signal convergence, Rho GTPase effector 

proteins like Pakl and PI3 Kinase can modulate the Ras pathway, leading to a cellular 

response (reviewed by Bar-Sagi & Hall, 2000). 

Recently, the MAPK (mitogen activated protein kinase) pathway has been implicated 

in netrin-1/DCC signal transduction. Using HEK293T cells, Forcet et al. (2002) hâve 

shown that netrin-1 activâtes MAPK and induces phosphorylation of ERK1/2 

(extracellular signal-regulated kinase 1/2). They hâve also shown that inhibitors of 

MEK1/2 abolished ERK1/2 phosphorylation induced by netrin-1, and blocked netrin-1-

induced axon outgrowth and turning. It has also been suggested that MAPK activation 

régulâtes local protein synthesis and adaptation of the growth cône to netrin-1 (Ming et 

al, 2002). 

p21 Activated Kinase; an important effector for Cdc42 and Racl 

PAKs (p21 activated kinases) are serine/threonine protein kinases that are activated 

by the small GTPases Cdc42 and Racl. Six différent PAKs (pakl, pak2, pak3, pak4, 

pak5, and pakô) hâve been identified with différent tissue expression pattems (reviewed 

by Bagrodia & Cerione, 1999; Jaffer & Chemoff, 2002). Pakl,pak3, and pakô are highly 

expressed in the brain. PAKs consist of a catalytic C-terminal domain that is regulated by 

binding activated Cdc42 and Racl to a conserved séquence called the CRIB (Cdc42 and 

Racl interacting binding) domain. This binding induces conformational changes in the 

catalytic domain, activating the kinase and leading to autophosphorylation of PAKs. The 

catalytic domain also contains proline rich séquences that are potential binding sites for 

SH3 domain containing proteins such as the adaptor protein Nckl (Lu et al, 1997). 
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Pakl is an extensively studied member of the PAK family with a molecular weight of 

68 kDa. It has been suggested that in its inactive form, Pakl is présent as a stable dimer, 

while upon stimulation by activated Cdc42 or Racl, the activated Pakl monomer 

translocates to the membrane. In fibroblasts Pakl is detected in submembranous vesicles 

and PDGF treatment translocates Pakl to membrane ruffles and into the edges of 

lamellipodia (Dharmawardhane et al, 1997). Activated Pakl has also been detected at 

sites of focal adhésions, throughout filopodia and at the edges of lamellipodia in PDGF-

stimulated fibroblasts (Sells et al, 2000). 

Activated Pakl phosphorylates MLCK (myosin light chain kinase) and reduces its 

activity toward MLC (myosin light chain) thus opposing the effects of Rho and pl60 Rho 

kinase (Sanders et al., 1999). Pakl also influences actin polymerization and 

depolymerization by phosphorylating LIM kinase 1 which phosphorylates cofilin (an 

actin depolymerizing protein) (Edwards et al, 1999). Recently, it has been demonstrated 

that Pakl phosphorylates MEK1 and Rafl, thereby potentially regulating the MAP kinase 

and ERK pathways (Coles & Shaw, 2002; Eblen et al, 2002). 

Although Pakl was initially isolated from rat brain, its rôle in the development of the 

mammalian nervous System has not been extensively studied (reviewed by Bagrodia & 

Cerione, 1999). In D. melanogaster Pakl interacts with Dock (NCK homolog of D. 

melanogaster) and plays an important rôle in the guidance of photoreceptor axons (Hing 

et al, 1999). A membrane-targeted form of Pakl induces neurite formation in PC 12 cells 

in the absence of NGF (Daniels et al, 1998). Recently Pakl has been implicated in Sema-

4d/plexin-Bl signaling in cell Unes. Pakl is inactivated by Sema-4d, promoting its 

dissociation from active Racl, thereby inhibiting actin assembly (Vikis et al, 2002). 

Sema-3a induces sequential phosphorylation and dephosphorylation of cofilin during 
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growth cône collapse by regulating LIM kinase 1 activity (Aizawa et al, 2001). Recently, 

Nckl, a Pakl binding adaptor protein, has been implicated in netrin-1/DCC signaling by 

constitutively binding to DCC (Li et al, 2002). 

N-WASP Is an Important Effector of Activated Cdc42 

N-WASP (neuronal Wiskott-Aldrich Syndrome Protein) is a neuronal homolog of 

WASP, an effector protein for Cdc42 and Racl. N-WASP is ubiquitously expressed in 

the nervous System and is believed to play an important rôle in actin nucleation. Activated 

Cdc42 is able to activate N-WASP and to induce actin polymerization (Miki et al, 1998). 

In its inactive form, the NH2 terminus of N-WASP inhibits an active site in its COOH 

terminus. Active Cdc42 binding éliminâtes the inhibition and allows the COOH terminus 

to stimulate the Arp2/3 complex to nucleate actin (reviewed by Zigmond, 2000). 

N-WASP has been shown to play an important rôle in filopodia formation, 

cytoskeletal rearrangement, actin-based motility, and neurite extension in PC 12 cells and 

hippocampal neurons (Miki et al, 1998; Miki et al, 1996; Suzuki et al, 1998; Banzai et 

al, 2000). Additional molécules also regulate N-WASP activation. For example, NCK, 

PI3 kinase, and tyrosine kinases ail appear to influence N-WASP activation (Rohatgi et 

al, 2001). 
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Figure 1. Instructive eues and their receptors play an important rôle in axon 

guidance. 

A summary of instructive eues and their receptors is shown with their response and 

their modifiers, which control some of their functions. ALPS, agrin-laminin-perlecan-Slit 

domain; C, netrin C terminus; CUB, CI/Uegf/BMP-I domain; DCC, deleted in colorectal 

cancer; EGF, epidermal growth factor; FNIII, fibronectin type III domain; GPI, 

glycosylphosphatidyl-inositol anchor; Ig, immunoglobulin domain; LRR, leucine-rich 

repeat; MAM, meprin / A5 antigen motif; MRS, Met tyrosine kinase-related séquence; 

RK, arginine / lysine-rich basic domain; SAM, stérile alpha motif; SP, 'sex and plexins' 

domain; TK, tyrosine kinase domain; TSP, thrombospondin domain; VI and V, homology 

to laminin domains VI and V, respectively. 
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î  

sl
an

og
as

t 

* 
Q 

OH 

O 

E o 
• * - * a <u u 
41 

H 
o. 

O 
Cû 

O 

es 
en 

in 

Ù 

U 
Q 
o 

i 

C 

u 

5 
i 
< 

œ. 
< 

M 2 M 
— — c _ 

I 

2 
S, 

Si* 
W > Q 

a. i 

o < o 
Pi </3 OS 

S 
v i w-j l/~» 

ô ô ô 

H 

.2 o 

a- 2 
Pi ta 

o .a 
O. T3 

P2 W 

c c 
.2 .2 
— D 

3 -C 

Pli 

C 
O 

'UT! 

3 
O. 

| 

° S 
••s . 2 
« - a 
k. 3 

o 
o 
CU 
og 

c 
oo-2 
S « 
o J> 
Q. 
M 

> 
15 
E 

S*'s 
ô 8 

•a s 

U 

Q 

o o 
r i 

02 
73 

3 

O 

"S 

2 

-3 
< 

• M 

o 



Figure 2. Netrin-1 like other guidance eues and extracellular signais influences 

growth cône dynamics by regulating the small Rho GTPases. 

When GTP-bound, the small Rho GTPases are believed to be active. They are able to 

bind to their downstream targets and cause their activation. They then recycle back to 

their inactive form. This cycle is regulated by GEF, GAP, and GDI proteins, which 

control their activation and inactivation. It is known that N-WASP is an important 

effector for active Cdc42 to increase actin polymerization at the tips of filopodia. PAKs 

are also effectors for both Cdc42 and Racl. PAKs regulate actin polymerization via Lim 

kinases. Rho interacts with ROCK to initiate stress fiber formation. 
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Rationale and Objectives 

Significant insight into the intracellular signaling mechanisms that regulate the 

cytoskeleton has been obtained over the last few décades. In addition, several families of 

extracellular eues that direct axon extension and the receptors for thèse eues hâve also 

been identified. Exactly how thèse eues and their receptors functionally modify the 

cytoskeleton to direct axon growth remains to be determined. 

The démonstration that DCC is a receptor for netrin-1, and that is essential for the 

normal development of the nervous System was a surprise to many investigators. This 

finding provided a first step towards identifying the molecular mechanisms underlying 

the action of netrin-1. Netrin-1 directs the extension of commissural neurons in the 

embryonic spinal cord. DCC is highly expressed by thèse neurons and is essential for 

them to reach the ventral midline. 

At the start of this study, signaling mechanisms downstream of DCC had not been 

identified. I set out to identify components of the molecular mechanism that médiate 

DCC/netrin-1 signal transduction. Characterizing cell Unes that do not normally express 

DCC provided me with the opportunity to identify the conséquences of expressing DCC 

in thèse cells, and investigate the signal transduction mechanisms involved. Extending 

this analysis to primary cultures of embryonic rat spinal commissural neurons then 

allowed the rôle of thèse mechanisms to be addressed in neuronal growth cônes. 
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Chapter 2 

The Netrin-1 Receptor DCC Promûtes Filopodia Formation and 

Cell Spreading by Activating Cdc42 and Racl 

Summary 

Netrins are a family of secreted proteins that function as tropic eues directing cell 

and axon migration during neural development. Filopodia are dynamic actin based 

membrane protrusions that explore the environment, interacting with extracellular eues 

that influence motility. We show that the netrin-1 receptor, deleted in colorectal cancer 

(DCC), is présent at the distal tips of filopodia in the growth cônes of embryonic rat 

spinal commissural neurons. To further investigate DCC function, we characterized the 

expression of netrins and netrin receptors in HEK293T cells and NG108-15 cells and 

found that they express netrin-1 but do not express DCC. Ectopic expression of DCC 

produced a striking netrin-1 dépendent increase in the number of filopodia and in cell 

surface area. We then investigated the possible rôle of members of the Rho family of 

GTPases in generating thèse responses. Co-expression of DCC and dominant négative 

Cdc42 or dominant négative Racl blocked the increase in filopodia number and cell 

surface area, respectively. Furthermore, we found that addition of netrin-1 to cells 

expressing DCC produced a persistent activation of Cdc42 and Racl. Thèse findings 
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suggest that netrin-1, via DCC, influences cellular motility by regulating actin based 

membrane extension through the activation of Cdc42 and Rac 1. 

26 



Introduction 

During neurite extension, the growth cône probes the environment for eues 

instructing it to advance, turn, or retract. Netrins are a family of secreted proteins that 

function as tropic eues that direct the migration of both growth cônes and cells during 

development (reviewed by Culotti & Merz, 1998; Kennedy, 2000). Netrin-1 is 

bifunctional, acting as an attractant for some cell types and as a repellent for others. A 

combination of genetic and biochemical analyses hâve identified two classes of receptors 

for netrin-1, the DCC family and the UNC-5 homolog family. DCC is a transmembrane 

member of the Ig superfamily that is required for axons to be attracted to a source of 

netrin-1 (Keino-Masu et al, 1996). DCC also appears to collaborate with UNC-5 

homologs to médiate the repellent response to netrin-1 (Ackerman et al, 1997; Leonardo 

étal, 1997; Hong et al, 1999). 

Filopodia and lamellipodia are dynamic actin based membrane protrusions found at 

the advancing edge of many types of motile cells, including the neuronal growth cône 

(reviewed by Bentley & O'Connor, 1994; Tanaka & Sabry, 1995). In neurons, disruption 

of filopodia causes errors in axon guidance (Keshishian & Bentley, 1983; Bentley & 

Toroian-Raymond, 1986; Chien et al, 1993; Zheng et al, 1996). Conversely, contact of 

the tip of a single filopodium with an appropriate extracellular target is sufficient to alter 

the trajectory of an extending axon (O'Connor et al, 1990; Chien et al, 1993), indicating 

that the receptors that interact with extracellular guidance eues are présent, and perhaps 

enriched, at filopodial tips. Substantial évidence indicates that such guidance eues 

influence motility by remodeling the actin cytoskeleton (reviewed by Suter & Forscher, 

1998). The Rho family of small GTPases are key components of the intracellular signal 

transduction cascade that regulate the organization of actin. In neuronal and non-neuronal 
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cells, the Rho family members Cdc42 and Racl regulate the reorganization of actin 

responsible for the formation of filopodia and lamellipodia respectively (reviewed by 

Hall, 1998; Dickson, 2001). 

Hère we demonstrate that expression of DCC causes a netrin-1 dépendent increase 

in the number of filopodia and in the cell surface area of rodent neuroblastoma-glioma 

cells (NG108-15) and human embryonic kidney cells (HEK293T). We observed a striking 

localization of DCC protein at the distal tips of filopodia in thèse cells and in the growth 

cônes of rat embryonic spinal commissural neurons. Co-expression of DCC with 

dominant négative Cdc42 or dominant négative Racl blocked the netrin-1 induced 

increase in filopodia number and in cell size respectively, demonstrating that thèse Rho 

GTPase family members are required for thèse responses. Furthermore, we show that 

DCC causes a netrin-1 dépendent activation of Cdc42 and Racl, consistent with thèse 

proteins being components of the signal transduction cascade activated by netrin-1. Thèse 

findings suggest that netrin-1 and DCC influence cell motility by activating the Rho 

GTPases Cdc42 and Racl and causing reorganization of actin. 
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Materials and Methods 

Cell Culture 

Neuroblastoma x glioma 108-15 cells were cultured and differentiated for three 

days as described (Shekarabi et al, 1997,) except that the differentiation was performed 

on glass coverslips (Carolina Biological Supply, NC) in the présence of 1 uM cytosine 

arabinoside (ara C, Sigma) to reduce prolifération. HEK293T were grown in DMEM 

(Biomedia, QC) containing 10 % heat inactivated fetal bovine sérum (iFBS, Biomedia) 

plus 2 mM glutamine, 100 units/ml penicillin and 100 p.g/ml streptomycin. Both cell lines 

were transfected using LipofectAMINE reagent (Invitrogen, ON). Cells were plated at a 

density of 2.5 x 105 cells per 35 mm well. The following day, two hours prior to 

transfection, the média was replaced with fresh plating média. One microgram of each 

DNA construct was mixed with LipofectAMINE according to the manufacturera 

protocol. Following transfection, the cells were trypsinized, washed, and plated on glass 

coverslips coated with poly-D-lysine (PDL, Sigma, MO) and laminin-1 (Collaborative, 

MA). Coverslips were coated by incubation with 20 pg/ml PDL at 4°C overnight, then 

washed with Hanks buffered sait solution (Invitrogen) and allowed to dry. They were then 

coated with 10 pg/ml of laminin-1 in Hank's BSS at 37°C overnight. Coverslips were 

washed with water and allowed to dry just before plating the cells. NG108-15 or 

HEK293T cells were plated at a density of 10 x 104 on 22 x 22 mm glass coverslips. 

HEK293T cells were sérum-starved prior to stimulation with netrin-1 as described below 

under GTPase activation assays. The following reagents were used: purified recombinant 

chick netrin-1 protein (160 ng/ml; Serafini et al, 1994), affinity purified rabbit polyclonal 

netrin antibody PN3 (25 ug/ml, Métin et al, 1997), purified non-immune rabbit IgG (25 
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ug/ml, Invitrogen); function blocking DCC monoclonal antibody (clone AF5, 10 ug/ml, 

Calbiochem). 

For primary neuronal culture, the spinal cords of El 3 rat embryos were dissected as 

described (Tessier-Lavigne et al, 1988). The dorsal halves of embryonic spinal cords 

were incubated with 0.25% trypsin (Invitrogen) in S-MEM (Invitrogen) for 30 min at 

37°C. The tissue was transferred to 5 ml of Neurobasal médium (Invitrogen) containing 

10% iFBS and 2mM of glutamine, penicillin/streptomycin (as described above) and spun 

into a pellet. Tissue was then dissociated to a single cell suspension by trituration with a 

constricted Pasteur pipette in 1.5 ml of complète Neurobasal médium at 37°C. Five 

thousand cells were plated per 13 mm coverslip coated with PDL and laminin-1. Twelve 

hours after plating, the média was changed to fresh serum-free Neurobasal médium plus 

B27 supplément (1:200, Invitrogen) and 160 ng/ml of recombinant netrin-1 protein. 

Recombinant netrin-1 protein was purified from a HEK293T cell Une secreting netrin-1 

as described (Serafini et al, 1994; Shirasaki et al, 1996). 

DNA Constructs 

A cDNA containing the full-length coding séquence of rat DCC was provided by M. 

Tessier-Lavigne (pBS-DCC, clone D4-1, genebank U68725, Keino-Masu et al, 1996). 

We generated the construct, pDCC-FL, in order to express full-length DCC protein 

without an epitope tag or GFP by partially digesting pBS-DCC with HindIII to generate 

an ~6Kb fragment containing the complète DCC coding séquence. This was then 

subcloned into the HindIII site of pCEP4 (Invitrogen). The vector pEGFP-Nl (Clontech, 

CA) was used to generate a DCC-GFP chimeric protein where DCC is tagged with green 

fluorescent protein (GFP) at its C-terminus. To produce this construct, pBS-DCC was 
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partially digested by HindIII and the same ~6Kb fragment was subcloned into the HindIII 

site of pEGFP-Nl. The construct pDCC-GFP was then made by partially digesting the 

6Kb fragment-pEGFP-Nl construct with BamHI to remove a fragment containing 3' 

UTR séquence and séquence encoding the 31 carboxyl terminal amino acids of full length 

DCC. The BamHI site corresponds to position 4568 in the nucleic acid séquence of DCC 

(genebank U68725, Keino-Masu et al, 1996). The BamHI sites of the plasmid and insert 

were then ligated back together bringing the coding séquence of DCC in frame with that 

of GFP to generate pDCC-GFP. Constructs encoding Racl and Cdc42 contain a myc 

epitope tag at their N-terminus as described (Lamarche et al, 1996). The GST-PAK1-

CRIB construct (Sander et al, 1998) was provided by J. Collard. 

Reverse Transcriptase-PCR (RT-PCR) 

Total RNA was purified using Trizol reagent (Invitrogen), and poly A(+) RNA 

isolated using the Oligotex mRNA purification kit (Qiagen, ON). Positive control mRNA 

was isolated from newborn rat brain, newborn mouse brain, or cultured human fetal 

astrocytes (provided by Dr. J. Antel, Montréal). First strand cDNA was synthesized using 

superscript reverse transcriptase (Invitrogen). The polymerase chain reaction (PCR) was 

used to amplify cDNA using the primers listed. Primers were annealed at 60°C and 35 

cycles of amplification carried out. The size of the predicted amplification product is 

indicated. 

rat netrin-1 : CGG GAT CCG CGT GCG CGA CCG AGA CGA CAG T; 

GGA ATT CTG GGG GAG CGG CTC TGC TGG TAG C, 462 bp 

rat DCC: CCG CTC GAG TGG TCA CCG TGG GCG TTC TCA; 

GGC TGG ATC CTC TGT TGG CTT GTG, 938 bp. 
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rat neogenin: AAC TGC AGA AAG CGG ACT CCT CTG ATA AAA TG; 

TCC CCG CGG CCG GCT CCT TCC TAA A, 914 bp. 

rat unc-5hl : GGA ATT CCC TCC CTC G AT CCC AAT GTG T 

TCC CCG CGG GGC AGG GAA CGA AAG TAG T, 909 bp. 

rat unc-5h2: GCT CTA GAG TCG CGG CAG CAG GTG GAG GAA 

GGA ATT CAG GGG GCG GCT TTT AGG GTC GTT, 771 bp. 

human netrin-1 : GCC GCC ACT GCC ATT ACT GC 

GAG GGG CTT GAT TTT GGG ACA CTT, 527 bp 

human DCC: CAA GTG CCC CGC CTC AGA ACG 

GCT CCC AAC GCC ATA ACC GAT AAT, 434 bp 

human neogenin: TGG CCC AGC ACC TAA CCT 

TTG CCG GGC CTG TAC CAT TGA TTG, 545 bp 

human unc-5h3 : CCC CCG GCA CAC CTC TG 

TGC TGG CGC GAA ATC TCA AT, 412 bp. 

Immunocytochemistry, Actin Staining, and Quantification 

Cells were rapidly rinsed with PBS pH 7.3, fixed in 4% paraformaldehyde plus 4% 

sucrose in PBS at room température (RT) for 15 min, and then permeabilized using 

0.25% Triton X-100 in PBS for 5 min. Blocking was performed in 5% heat inactivated 

normal goat sérum (HINGS) and 0.125% Triton X-100 in PBS at RT for one hour. 

Coverslips were incubated with monoclonal antibodies against an intracellular epitope of 

DCC (2 ug/ml, G97-449, Pharmingen, ON) or a myc epitope (9E10, Evan et al, 1985) at 

4° C overnight. Cells were then washed three times with PBS and incubated with a 

fluorescein-conjucated (FITC) anti-mouse IgG or a rhodamine-conjugated anti-mouse 
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IgG (Jackson ImmunoResearch, PA) at RT for one hour, followed by 0.5 p.g/ml 

rhodamine phalloidin (Molecular Probes, OR) in PBS at 37° C for 15 min. The coverslips 

were washed with PBS and mounted using Mowiol (Aldrich, WI) containing 2.5% 1,4-

Diazabicyclo [2.2.2] octane (Dabco, Sigma) to prevent photo-bleaching. Epifluorescent 

images were captured using a Zeiss axiovert microscope, a 100 x objective lens, and a 

MagnaFire CCD caméra (Optronics, CA). Filopodia number and cell surface area were 

quantified using Northern Eclipse software (Empix Imaging, ON). A filopodium was 

defined as a fine cellular process, at least 3 pm long and less than 0.5 p.m in diameter. 

The area occupied by the two-dimensional fluorescence image of each cell was defined as 

the cell surface area. Only isolated cells from randomly selected fields were counted. 

Confocal imaging was performed with a Leica LP2 laser scanning confocal microscope 

using a 100 x objective. Statistical analysis used ANOVA with Bonferroni adjusted 

probabilities (Systat, SPSS Inc, II). 

Racl and Cdc42 Activation Assays 

To assay activation of Cdc42 and Racl in HEK293T cells, 3 x 106 cells were co-

transfected with expression constructs encoding DCC-GFP or GFP and wild type myc 

tagged Cdc42 or Racl using lipofectAMINE (Invitrogen) in 100 mm tissue culture plates 

(Sarstedt, QC) and grown overnight. The following day the médium was changed to fresh 

DMEM plus 0.15 % BSA for 8 hours. For stimulation, 160 ng/ml of recombinant chick 

netrin-1 protein was added to the médium, incubated for the indicated time periods. 

washed with ice-cold PBS plus ImM MgCl2and 0.1 mM CaCb and the cells collected in 

lysis buffer as described (Sander et al, 1998). Samples were spun at 14,000 rpm at 4°C 
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for 10 min to pellet cell débris and aliquots of the supernatants stored at -20°C in order to 

assay the total amount of Cdc42 and Racl protein présent. The supernatants were then 

rocked at 4°C for one hour with 10 pi of glutathione-coupled sepharose 4B beads 

(Pharmacia, NJ) previously loaded with -10 p.g of bacterially produced GST-Pakl-CRIB 

domain fusion protein (amino acids 56-272 of Pakl, Sander et al, 1998). Non-

hydrolysable GTPyS was added to lysates as a positive control as described (Knaus et al, 

1992). Beads were washed three times with lysis buffer and eluted in SDS-PAGE sample 

buffer. Samples were separated by SDS-PAGE and analyzed by western blotting using 

either the 9E10 monoclonal antibody against a myc epitope tag, a monoclonal antibody 

against Racl (Transduction Laboratories, CA) or polyclonal antibodies against Cdc42 

(Santa Cruz Biotechnology, CA). Signais were detected using the ECL 

chemiluminescence kit (NEN Lifescience products, MA). Densitometry and 

quantification of the relative levels of Cdc42 and Racl were carried out on scanned 

images of western blots using NIH Image software (United States National Institutes of 

Health). 
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Results 

Analysis of Netrin-1, DCC, Neogenin, and Unc-5 Homolog Expression in NG108-15 

Cells and HEK293T Cells 

In order to investigate netrin-1 signal transduction, we first characterized the 

expression of netrin-1 and netrin-1 receptors in two cell Unes: NG108-15 and HEK293T. 

NG108-15 cells can be proliferated in culture or differentiated using agents that elevate 

cAMP. Differentiated cells are post-mitotic and hâve some of the characteristics of 

cholinergic motor neurons (Nelson et al, 1976). RT-PCR analysis detected expression of 

mRNAs encoding netrin-1 and the DCC family member neogenin in both cell Unes (Fig. 

1A and 1B). NG108-15 cells express UNC-5H1 (Fig 1A, lane 3 and 4) and HEK293T 

cells express UNC-5H3 (Fig. 1B, lane 2); however, DCC expression was not detected in 

either cell Une. As négative controls, no product was amplified in the absence of cDNA 

(Fig. 1A, lane 5; Fig 1B, lane 3) or if the RT reaction step was excluded (not shown). To 

confirm that netrin-1 protein was produced, cell lysates were prepared and analyzed by 

western blotting using PN3, a polyclonal antibody against netrin-1 (Manitt et al, 2001). 

Netrin-1 protein was detected in both cell Unes, although at a substantially lower level in 

HEK293T cells than NG108-15 cells (Fig. 1C). Netrin-1 protein isolated from NG108-15 

cells caused the outgrowth of commissural neurons from explants of embryonic day 13 

rat dorsal spinal cord cultured in collagen gels indicating that the protein is functional (not 

shown). 

Expression of DCC, in the Présence of Netrin-1, Increases the Number of Filopodia 

and Cell Surface Area of NG108-15 and HEK293T Cells 
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The absence of DCC expression by NG108-15 cells and HEK293T cells allowed us 

to identify the conséquences of expressing DCC in thèse cell Unes. Constructs were 

generated that encode full-length DCC, and a C-terminal tagged DCC-GFP fusion protein 

(Fig. 1D). Cells were transfected with constructs encoding DCC full-length, DCC-GFP, 

or GFP alone. Approximately 70% and 25% transfection efficiencies were obtained for 

HEK293T and NG108-15 cells respectively. Following transfection, NG108-15 cells 

were plated on PDL/laminin-1 coated coverslips and differentiated in the présence of 10 

uM of forskolin for three days. NG108-15 cells express a relatively large amount of 

netrin-1 protein and no additional netrin-1 was added to the culture médium. However, 

because HEK293T cells produce only small amounts of netrin-1 protein (Fig. 1C), this 

provided the opportunity to assess the effect of growing them overnight on a substrate of 

PDL/laminin-1 with or without the addition of 160 ng/ml recombinant netrin-1 protein. 

Filamentous actin was visualized using rhodamine-conjugated phalloidin. 

Expression of either full-length DCC or DCC-GFP produced a dramatic increase in 

cell surface area and filopodia number in both NG108-15 cells and HEK293T cells (Fig. 

2 and Fig. 3; Table 1). In the NG108-15 cells, DCC expression produced an 

approximately four-fold increase in the number of filopodia and three fold increase in cell 

surface area. In HEK293T cells, an approximately 5 fold increase in filopodia number 

and 2.5-fold increase in cell surface area were found in the présence of netrin-1 relative to 

cells transfected with the GFP expression construct as a control. In both cell Unes, the 

présence of DCC or netrin-1 function blocking antibodies significantly reduced the 

effects of DCC expression (Fig. 2D, 2E, 3G, and 3H). 
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Présence of DCC at the Tips of Filopodia in NG108-15 Cells, HEK293T Cells and 

Commissural Neuron Growth Cônes 

We observed a striking localization of DCC protein at the tips of filopodia in NG108-

15 cells and HEK293T cells expressing DCC full-length or DCC-GFP. To characterize 

this in more détail, DCC protein and filamentous actin were imaged using confocal laser 

scanning microscopy. In HEK293T cells actin filaments marked the core of each 

filopodium and a mesh of actin was detected under the plasma membrane. DCC protein, 

full-length or DCC-GFP, was highly enriched at filopodia tips (Fig. 4A-4C) and a similar 

distribution was detected in NG108-15 cells (Fig. 4D-4F). Expression of GFP alone 

produced no such localization (Fig. 2A, 3A, and 3D). 

To détermine if endogenous DCC is similarly localized in neurons that respond to 

netrin-1, we examined the distribution of DCC protein and actin in the growth cônes of 

dissociated commissural neurons obtained from the dorsal half of micro-dissected 

embryonic day 13 rat spinal cords. After two days in vitro, the cultures contained large 

numbers of neurons that extend long axons with well-developed growth cônes. Thèse 

neurons expressed both DCC and TAG-1, markers of spinal commissural neurons in vivo 

(data not shown; Dodd et al, 1988; Keino-Masu et al, 1996). Punctate DCC 

immunoreactivity was observed along the axon and within the growth cône. Consistent 

with the distribution found in both cell Unes, DCC protein was detected at the tips of 

filopodia in the growth cônes of commissural neurons (Fig. 4G-4I). 

Cdc42 and Racl Are Required for the DCC-Induced Increases in Filopodia Number 

and Cell Surface Area 
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Previous studies hâve shown that members of the Rho family of small GTPases play 

an essential rôle in regulating the organization of the actin cytoskeleton in many cell types 

(reviewed by Hall, 1998). Thèse studies indicate that activation of Cdc42 leads to the 

formation of microspikes and filopodia and activation of Racl médiates the génération of 

membrane ruffles and lamellipodia extension (Ridley & Hall, 1992; Ridley et al, 1992; 

Kozma et al, 1995; Nobes et al 1995). To détermine if Cdc42 is required for the DCC 

induced increase in filopodia number or cell surface area, we co-transfected vectors 

encoding DCC-GFP or GFP alone with constructs encoding a dominant négative form of 

Cdc42 (N17Cdc42) into NG108-15 cells and HEK293T cells. Expression of the 

N17Cdc42 protein was confirmed using the 9E10 monoclonal antibody against a myc 

epitope tag présent in the expressed protein. N17Cdc42 significantly reduced the DCC 

induced increase in filopodia number in both cell Unes; however, the DCC induced 

increase in cell surface area was not affected (Fig. 5A-5D, 6A, and 6B; Table 1). 

To détermine if Racl was required for DCC function, we co-transfected vectors 

encoding DCC-GFP or GFP with constructs encoding a dominant négative form of Racl 

(N17Racl) into NG108-15 cells and HEK293T cells. N17Racl significantly reduced the 

netrin-1 induced increase in cell surface area in DCC-GFP expressing cells. Filopodia 

number increased in the présence of DCC-GFP and N17Racl, but to a smaller extent than 

in the absence of the dominant négative construct (Fig. 5E-5H, 6C, and 6D; Table 1). The 

reduced increase in filopodia number is likely due to the small size of the cells caused by 

N17Racl. Together, thèse findings indicate that inhibition of Cdc42 is sufficient to block 

the DCC induced increase in filopodia number and that inhibition of Racl is sufficient to 

block the induced increase in cell surface area. Because thèse effects are separable, this 
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suggests that independent signais from DCC can be transmitted in parallel through Cdc42 

and Racl. 

DCC Activâtes Cdc42 and Racl in the Présence of Netrin-1 

The results described above indicate that active Cdc42 and Racl are required for 

DCC function. We then determined if netrin-1, via DCC, activâtes Cdc42 and Racl. A 

downstream target of activated Cdc42 and Racl is p65PAlc (p21 activated kinase, Manser 

et al, 1994). p65PAK interacts with GTP-bound Cdc42 and Racl via a CRIB (cdc42/rac 

interactive binding) domain (Burbelo et al, 1995). The activation state of Cdc42 and 

Racl can be measured using a GST-Pakl-CRIB domain fusion protein to isolate GTP-

bound Cdc42 and Racl (Sander et al, 1998). HEK293T cells were co-transfected with 

constructs encoding wild type Cdc42 or Racl (G12Cdc42 and G12Racl) and vectors 

encoding either DCC-GFP or GFP alone. After addition of netrin-1, cells were lysed, the 

lysates incubated with GST-Pakl-CRIB fusion protein coupled to glutathione-sepharose 

beads, the complex isolated, and the amount of GTP-bound Cdc42 or Rac 1 assayed using 

western blot analysis. We found that addition of netrin-1 to HEK293T cells expressing 

DCC activated both Cdc42 and Racl. Increased GTP-bound Cdc42 and Racl were 

detected within one minute after addition of netrin-1, the earliest time point assayed (Fig. 

7A and 7B). Furthermore, although both Cdc42 and Racl activation in DCC expressing 

cells peaked shortly after application of netrin-1, activation persisted at a level 

significantly above baseline for at least one hour, the longest time point assayed (Fig. 7 

A-7D). Similar increases in GTP-bound Cdc42 and Racl were detected using either the 

DCC-GFP or the full-length DCC expression construct (Fig.7C). 
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Netrin-1 Independently Activâtes Cdc42 and Racl via DCC 

In some cells, activation of Cdc42 has been shown to be upstream of Racl activation 

(reviewed by Hall, 1998). As described above, our findings suggest that DCC can signal 

independently through Cdc42 and Racl. To address this, G12Cdc42 activation was 

assayed in the présence of N17Racl. Conversely, G12Racl activation was assayed in the 

présence of N17Cdc42. HEK293T cells were simultaneously transfected with the 

following expression constructs: DCC-GFP, N17Racl, and G12Cdc42, or DCC-GFP, 

N17Cdc42, and G12Racl, and the level of Cdc42 or Racl activation assayed. Control 

cells were transfected with GFP, N17Racl and G12Cdc42, or GFP, N17Cdc42 and 

G12Racl. In the présence of N17Racl, the level of GTP-bound Cdc42 was significantly 

greater than control, and in the présence of N17Cdc42, netrin-1 continued to activate 

Racl (Fig. 8A and 8B). Thèse findings are consistent with independent activation of 

Cdc42 and Racl by DCC. 
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Discussion 

Netrin-1 and its receptor DCC guide cell migration and axon extension in the 

developing nervous System. Although well characterized in the embryonic CNS, thèse 

gène products are expressed in many tissues (Fearon et al, 1990; Kennedy et al, 1994; 

Manitt et al, 2001; Meyerhardt et al, 1999) and are likely to contribute to regulating the 

motility of many cell types. To investigate the mechanisms underlying netrin-1 signal 

transduction, we hâve reconstituted a netrin-1 response in cells that do not normally 

express DCC. Our findings indicate that in the présence of netrin-1, DCC produces a 

dramatic change in the organization of actin, increasing cell size and filopodia number. 

We show that DCC protein is présent at the distal tips of filopodia, an appropriate 

position to interact with extracellular eues and influence filopodial extension. Our results 

indicate that the induced increase in filopodia number and cell size requires active Cdc42 

and Racl and that netrin-1, through DCC, activâtes both Cdc42 and Racl. Thèse findings 

provide new insight into the possible signaling pathways used by netrin-1 and DCC to 

guide cell and axonal growth cône migration in the embryonic CNS. 

Netrin-1 Is a Bifunctional Axon Guidance Cue 

Netrins may act as attractants or repellents for extending axons. The filopodia 

formation and cell spreading effects of netrin-1 and DCC described hère are similar to 

events occurring at the edge of a neuronal growth cône as it advances forward, suggesting 

that thèse processes share mechanisms in common with chemoattraction to netrin-1. In 

HEK293T and NG108-15 cells we detected mRNAs encoding other netrin receptors, 

neogenin and UNC-5 homologs, raising the possibility that they may contribute to the 

effect of netrin-1 described hère. The function of neogenin is not known, but a 
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DCC/UNC-5 homolog complex has been implicated in mediating the chemorepellent 

response to netrin-1 (Hong et al, 1999). 

It has been shown that inhibition of the A kinase can cause the tuming response of a 

neuronal growth cône to netrin-1 to switch from attraction to repulsion (Ming et al, 

1997). We found that the response of HEK293T cells to netrin-1 was similar to that of 

NG108-15 cells. Furthermore, addition of forskolin to the HEK293T cells did not alter 

the activation of Cdc42 or Racl by netrin-1 measured using the Pakl-CRIB pull down 

assay (not shown). Thèse findings suggest at least two possibilities: that A-kinase activity 

is high in both of thèse cell Unes or that the ectopic over-expression of DCC overwhelms 

the endogenously expressed UNC-5 homolog. Our findings indicate that activation of 

Cdc42 and Racl by netrin-1 requires DCC, and the cellular response, filopodia formation 

and cell spreading, is consistent with the response of neuronal growth cônes extending 

toward a source of netrin-1. 

Proposed Functions of DCC: tumor suppressor and pro-apoptotic effector 

DCC was first identified as a putative tumor suppressor deleted in some forms of 

colorectal cancer (Fearon et al, 1990; Hedrick et al, 1994). When DCC was knocked out 

in mice, no increase in tumor frequency was found; however the significance of this 

finding is limited because the mice die shortly after birth and tumors may not hâve had 

time to develop (Fazeli et al, 1997). Re-expression of DCC in tumor cells can suppress 

tumorigenicity (Tanaka et al, 1991; Klingelhutz et al, 1995) and further analyses of 

chromosomal deletions continue to support a rôle for DCC as a tumor suppressor in 

multiple types of cancer (Hilgers et al, 2000; Thiagalingam et al, 1996). Corrélations 

made between DCC expression and the phenotypes of primary tumor cells suggest that 
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DCC does not influence tumor formation but inhibits a later step in tumor development, 

such as tumor cell dissémination and metastasis (Reyes-Mugica et al, 1997, 1998; Kong 

et al, 1997; Reale et al, 1996). Thèse findings are consistent with the possibility that 

DCC may affect cell motility 

In contrast, récent studies of DCC over-expression in HEK293T cells hâve suggested 

that DCC functions as a tumor suppressor by acting as a pro-apoptotic dependence 

receptor (Mehlen et al, 1998). Thèse authors suggest that in the absence of netrin-1, DCC 

promûtes apoptosis through activation of a novel pro-apoptotic caspase-dependent 

pathway (Forcet et al, 2001). Chen et al, (1999) confirmed that over-expression of DCC 

induces apoptosis in several carcinoma cell Unes; however, in this study netrin-1 did not 

rescue DCC induced cell death. Furthermore, thèse authors reported that in some cell 

Unes, over-expression of DCC produced cell cycle arrest but not apoptosis. We found no 

évidence of cell death in differentiated, post-mitotic, netrin-1 expressing NG108-15 cells 

expressing high levels of DCC. However, in agreement with the earlier studies, we found 

that mitotic HEK293T cells began to die after approximately forty-eight hours of DCC 

over-expression, in spite of the expression of a small amount of netrin-1 by thèse cells. To 

minimize cell death in our studies, ail assays examining the effect of DCC expression in 

HEK293T cells were carried out within twenty-four hours of transfection, when little or 

no cell death has occurred. Interestingly, when examining HEK293T cells over-

expressing DCC we sometimes observed cells apparently attempting to undergo 

cytokinesis without rounding their cell bodies, but instead containing large amounts of F-

actin and extended filopodia. This suggests that over-expression of DCC may contribute 

to promoting apoptosis in mitotic cells by inappropriately driving the actin cytoskeleton 

into a condensed state that is incompatible with cell division. Such an effect on the 
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cytoskeleton may contribute to DCCs proposed rôle as a tumor suppressor, making high 

levels of DCC expression compatible with post-mitotic differentiation but not with 

mitosis. We are currently investigating this hypothesis. 

Rôle of Cdc42 and Racl in Netrin-1 Signal Transduction. 

Our findings lead us to conclude that a major function of DCC is to direct the 

organization of actin. Cellular motility requires extensive remodeling of the cytoskeleton 

(reviewed by Mitchison and Cramer, 1996). Members of the Rho family of GTPases, 

including Cdc42, Racl, and RhoA, play a key rôle in regulating the organization of actin 

in neuronal and non-neuronal cells (reviewed by Hall, 1998). This has been particularly 

well characterized in Swiss 3T3 fibroblasts where Cdc42, Racl, and RhoA activation 

promûtes filopodia, lamellipodia, and stress fiber formation respectively (Ridley & Hall, 

1992; Ridley et al, 1992; Nobes et al, 1995; Kozma et al, 1995). There is now strong 

évidence that Cdc42, Racl, and RhoA also play key rôles in regulating the motility of 

neuronal growth cônes (reviewed by Dickson, 2001). A straightforward model has been 

proposed where activation of Cdc42 and Rac 1 promote axon growth, while activation of 

RhoA inhibits growth or induces growth cône collapse (Hall, 1998; Mueller, 1999). The 

démonstration by Ming et al. (1997) that inhibiting the A kinase can switch netrin-1 

mediated attraction to repulsion is consistent with this model. It has been shown that the 

activity of RhoA is inhibited following phosphorylation by the A kinase (Lang et al, 

1996). As such, A kinase activity may inhibit RhoA function in neurons and promote the 

attractant response to netrin-1. 

Rho family members regulate motility in gênerai; however, thèse proteins are good 

candidates to médiate the response to tropic eues that instruct a cell or growth cône to 
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move in a particular direction. Asymmetric activation of intracellular effectors that 

regulate the organization of the cytoskeleton likely underlies directional motility. 

Supporting this, an intracellular gradient of Racl activation proportional to the direction 

of cellular movement has been visualized in fibroblasts (Kraynov et al., 2000). 

Furthermore, the kinase p65PAK, a downstream effector of Cdc42 and Racl, redistributes 

within the cell to régions of membrane undergoing active cytoskeletal rearrangement in 

fibroblasts stimulated with PDGF. Notably, the translocation of Pakl appears to précède 

the recruitment of F-actin suggesting that it is an early event in the cascade directing 

cytoskeletal reorganization (Dharmawardhane et al, 1997). Thèse findings suggest that 

spatial différences in the intracellular distribution of activated Rho family members 

contribute to moving a cell in a particular direction. 

Individual filopodia can behave independently within one neuronal growth cône 

(Bray & Chapman, 1986; Myers & Bastiani, 1993) and contact of a single filopodium 

with an appropriate target is sufficient to induce a growth cône to tum (O'Connor et al., 

1990). Actin polymerization occurs at the tip of a filopodium and regulating the rate of F-

actin assembly has been proposed to be the dominant factor controlling the rate of 

filopodial extension in neuronal growth cônes (Mallavarapu & Mitchison, 1999). The 

présence of DCC at filopodial tips suggests that upon encountering netrin-1, activation of 

Cdc42 could promote filopodia formation and axon extension. Our findings are consistent 

with the proposai that if netrin-1 bound DCC asymmetrically across the surface of a 

growth cône, this could produce localized activation of Cdc42 and Racl, change the 

organization of actin, and cause a growth cône to tum. 

Tremendous progress has been made in identifying axon guidance eues and their 

receptors; however the signal transduction mechanisms underlying their mode of action 

45 



are just beginning to be elucidated (reviewed by Dickson, 2001; Schmucker & Zipursky, 

2001). Hère we provide évidence that netrin-1 binding to DCC reorganizes the actin 

cytoskeleton by activating Cdc42 and Racl. Our findings suggest that DCC can 

independently activate either Cdc42 or Racl; however the intermediate effectors of this 

are not known. Phosphatidylinositol-3-kinase (PI3-K) activation has been implicated as a 

downstream effector of netrin-1 function in neurons (Ming et al, 1999) and although PI3-

kinase activâtes Racl in some cell types (Hall 1998), it remains to be determined if PI3-

kinase is a functional intermediate between DCC and Racl. Further studies will be 

required to identify the proteins linking DCC to activation of Cdc42 and Racl, and to 

identify the spécifie downstream effectors that reorganize actin in neuronal and non-

neuronal cells that respond to netrin-1. 
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Figure 1. Analysis of netrin and netrin receptor expression in NG108-15 cells and 

HEK293T cells. 

Panel (A) illustrâtes RT-PCR amplification of cDNA from polyA(+)RNA isolated 

from proliferating (lane 3) or differentiated (lane 4) NG108-15 cells. PolyA(+) RNA from 

newborn rat brain (lane 1 ) or mouse brain (lane 2) were used as positive controls. Lane 5 

is a négative control containing no cDNA. Panel (B) illustrâtes RT-PCR carried out for 

HEK293T cells (lane 2). RNA from cultured human fetal astrocytes (lane 1) was used as 

a positive control. Reactions without cDNA were négative controls (lane 3). DNA 

markers (M) in panels A and B are the lOObp DNA Ladder (New England BioLabs, MA). 

Bright bands correspond to 0.5 and 1 kb. Panel (C) illustrâtes the results of western blot 

analysis of lysates of NG108-15 and HEK293T cells using netrin antibody PN3 (panel 1). 

Thirty p:g of total protein was loaded per lane. Panel (2) shows Ponceau S staining of total 

protein on the same blot. Mol wt in kDa is indicated. Panel (D) is a schematic of the 

structure of the proteins encoded by the constructs used: full-length DCC, DCC-GFP, and 

GFP alone. (Ig: Immunoglobulin like domains; FUI: fibronectin type 3 domains). 

47 



NG108-15 g 293T 

Netrin-1 DCC Neogenin UncSHI Unc5H2 Netrin-1 DCC Neogenin Unc5H3 
M 1 2 3 4 5 M 1 2 3 4 5 M 1 2 3 4 5 5 M 1 2 3 4 6 M 1 2 3 M 1 2 3 M 1 2 3 M 1 2 3 

176 -

83 -

62 -

47 -

NG 108-15 293T 

.» 

w 

NG108-1S 293T 

32 • 



Figure 2. DCC increases the number of filopodia and cell surface area of NG108-15 

cells. 

NG108-15 cells were transfected with constructs encoding either full-length DCC, 

DCC-GFP, or GFP alone. Panel A illustrâtes the typical morphology of cells transfected 

with an expression construct encoding GFP alone. Panels B and C show the morphology 

of cells transfected with constructs encoding full-length DCC or DCC-GFP respectively. 

In panels A and C, the GFP-protein chimeras were visualized using the intrinsic 

fluorescence of GFP (green). In panel B, the distribution of full-length DCC protein was 

visualized using a monoclonal antibody against the C-terminal domain of DCC (G97-

449) and a FITC coupled anti-mouse secondary antibody (green). Filamentous actin was 

visualized using rhodamine-conjugated phalloidin (red). (Scale bar = 10 pm, lOOx 

objective lens). Expression of full length DCC or the DCC-GFP chimera significantly 

increased the number of filopodia per cell (panel D) and the cell surface area compared to 

GFP alone (panel E). Function blocking antibodies against netrin-1 (PN3) and DCC 

(AF5) significantly decreased the number of filopodia and cell surface area compared to 

DCC-GFP (n=10); error bars are SEM; * indicates PO.05; GFP, n=19; DCC full length, 

n=20; DCC-GFP n=20). 
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Figure 3. DCC increases the number of filopodia and cell surface area of HEK293T 

cells in the présence of netrin-1. 

HEK293T cells were transfected with constructs encoding either full-length DCC (B, 

E), DCC-GFP (C, F), or GFP (A, D) and cultured in the présence (A, B, C) or absence (D, 

E, F) of 160 ng/ml of purified recombinant chick netrin-1. GFP-protein chimeras were 

visualized using intrinsic GFP fluorescence in panels A, C, D, and F (green). Panels B 

and E show the distribution of full-length DCC using monoclonal anti-DCC (G97-449) 

and a FITC coupled anti-mouse secondary antibody (green). Filamentous actin was 

visualized using rhodamine-conjugated phalloidin (red). Addition of netrin-1 (G, H: black 

bars) in the présence of either full length DCC or DCC-GFP significantly increased the 

number of filopodia per cell (G) and the cell surface area (H) in the présence of netrin-1, 

compared to cells expressing GFP. In the absence of added netrin-1 (grey bars) 

expression of full length DCC or DCC-GFP did not significantly affect cell surface area 

(H) or the number of filopodia per cell (G) compared to cells expressing GFP. Antibodies 

that block the function of netrin-1 (PN3) or DCC (AF5) significantly reduced the number 

of filopodia and the increase in cell surface area compared to DCC-GFP. Control 

antibodies did not block either increase compared to the control (Scale bar = 10 pm, 1 OOx 

objective lens, * indicates PO.05; n=10; error bars are SEM; G and H: without netrin-1, 

GFP, n=19; DCC full length, n=21; DCC-GFP n=19; with netrin, GFP, n=21; DCC full 

length, n=20; DCC-GFP n=21). 
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Figure 4. DCC protein is présent at the tips of filopodia in NG108-15 cells, HEK 

293T cells, and rat embryonic commissural neurons. 

Confocal section through the edge of a HEK293T cell (A, B, C) and the edge of an 

NG108-15 cell (D, E, F) transfected with DCC-GFP. GFP fluorescence (green) shows the 

présence of DCC-GFP protein at the distal tips of filopodia. Filamentous actin was 

visualized using rhodamine-coupled phalloidin (red). (A-F: confocal microscopy, lOOx 

objective). Panels G, H, and I show the growth cône of a commissural neuron isolated 

from the dorsal spinal cord of an embryonic day 13 rat grown in dissociated cell culture in 

the présence of 160 ng/ml netrin-1. DCC protein was visualized using a monoclonal 

antibody against DCC (G97-449) and a secondary antibody coupled to Cy3 (H, red). F-

actin was visualized using FITC coupled phalloidin (I, green) (epifluorescence 

microscopy, lOOx objective). The arrowhead in panel G points to DCC immunoreactivity 

(red) at the tip of a long filopodium extending from the growth cône. The inset in panel G 

is an enlargement of the edge of the lamellipodium of the growth cône at the base of the 

filopodium identified by the arrowhead illustrating the close association between punctate 

DCC immunoreactivity and F-actin. (ail scale bars = 10 pm) 
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Figure 5. Cdc42 and Racl are required for the DCC-induced increase in filopodia 

number and cell surface area, respectively. 

Panels A, C, E, and G illustrate représentative morphologies of NG108-15 cells co-

transfected with the following expression constructs: (A) DCC-GFP and N17Cdc42, (C) 

GFP and N17Cdc42, (E) DCC-GFP and N17Racl, (G) GFP and N17Racl. Panels B, D, 

F, and H illustrate HEK293T cells co-transfected with the following expression 

constructs: (B) DCC-GFP and N17Cdc42, (D) GFP and N17Cdc42, (F) DCC-GFP and 

N17Racl, and (H) GFP and N17Racl. HEK 293T cells were cultured for 12 hours in the 

présence of 160 ng/ml of netrin-1 protein. DCC-GFP was visualized using the intrinsic 

fluorescence of GFP (green). The N17Cdc42 and N17Racl proteins contain a myc 

epitope tag that was visualized using the 9E10 antibody and an anti-mouse secondary 

antibody coupled to Cy3 (red). Scale bars in A and B = 10 um. 
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Figure 6. Cdc42 and Racl are required for the DCC induced increase in filopodia 

and cell size in NG108-15 and HEK 293 cells. 

A and B show the effect of co-expression of N17Cdc42 and DCC-GFP on the 

number of filopodia per cell (A) and cell surface area (B). In both NG108-15 cells (black) 

and HEK293T cells (grey), the induced increase in filopodia number was significantly 

reduced by N17Cdc42 (A) but did not block the induced increase in the cell surface area 

(B). C and D show the effect of co-expression of N17Racl and DCC-GFP. The increase 

in cell surface area in both NG108-15 and HEK293T cells was significantly reduced by 

N17Racl (D). The significant increase in filopodia number in HEK293T cells was not 

affected by N17Racl (C); however, the increase in the number of filopodia in NG108-15 

cells was significantly reduced while still remaining significantly greater than the number 

of filopodia in control cells. This is likely due to the effect of N17Rac on cell size. (n=10 

in ail cases, * indicates P<0.05) 
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Figure 7. Netrin-1 activâtes Cdc42 and Racl. 

HEK293T cells were co-transfected with constructs encoding DCC-GFP or GFP and 

G12Cdc42 (A) or G12Racl (B). Netrin-1 protein (160 ng/ml) was added to the cells at the 

indicated time points. Cell lysates were incubated with GST-Pakl-CRIB fusion protein 

and GTP bound Cdc42 (A) or GTP bound Racl (B) was isolated and analyzed by western 

blotting using the 9E10 monoclonal against a myc epitope tag in the recombinant proteins 

(upper panels of A and B). The total amount of recombinant Cdc42 or Racl présent in 

cellular homogenates was also visualized using 9E10 (lower panels A and B). GFP 

transfection was used as a control and assayed 3 minutes after the addition of netrin-1. 

Non-hydrolysable GTPyS was added to lysates as a positive control. Panel C illustrâtes a 

time course of the fold change of Cdc42 and Racl activation following the addition of 

netrin-1 to cells expressing DCC-GFP. The fold change for activation induced by the 

DCC full-length construct at the 3 minute time point is also shown, as indicated. The 

table in panel D lists the ratio of GTP-bound protein compared to total protein calculated 

from optical densities obtained from western blot analysis. The value of n for each time 

point is indicated in parenthèses. 
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Figure 8. Independent activation of Cdc42 and Racl by DCC. 

HEK293T cells were co-transfected with constructs encoding (A) DCC-GFP, 

G12Cdc42, N17Racl, or (B) DCC-GFP, G12Racl, N17Cdc42. The effect described in 

figure 7 was replicated by co-transfecting GFP or DCC-GFP, with G12Cdc42 or 

G12Racl (A, B). Three minutes after netrin-1 protein was added, activation assays were 

performed as described for figure 7. Total wild type Cdc42 or wild type Racl présent in 

whole cell homogenates was visualized using antibodies against Cdc42 (lower panel A) 

or Racl (lower panel B). GTP-bound Cdc42 (upper panel A) or Racl (upper panel B) 

were visualized with the 9E10 antibody following pull down. 
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Table I. Quantification of filopodia number and cell surface area. 

Transfectants Filopodia number 

NG108-15 HEK293T 

-netrin-1 +netrin-l 

Cell surface area (um~) 

NG108-15 HEK293T 

-netrin-1 +netrin-l 

a. 

GFP 

DCC 

DCC-GFP 

DCC-GFP+ anti-netrin-l 

DCC-GFP + anti-DCC 

DCC-GFP + control IgG 

b. 

GFP,N17Cdc42 

DCC-GFP, N17Cdc42 

GFP,N17Racl 

DCC-GFP, NI7Racl 

18 ± 3.1 

103 ±5.6 

100.6 ±5.5 

26.3 ±3.7 

22.5 ±3.1 

95 ±3.8 

14.6 ± 1.8 

21.1 ± 1.56 

20.2 ±3.1 

42 ±5.6 

7.3 ±0.87 

14.35 ± 3.1 

10±2.5 

10.6± 3.3 

15 ± 1.9 

10.5 ± 1.2 

5.7±0.52 

37.7 ± 2 

38.8± 3.7 

14.1 ± 1.9 

12.7±1.9 

47 ±2.6 

4 ± 1 

14 ± 1.88 

5.7 ± 1.3 

33 ±2.6 

797 ±56.8 

2104 ± 185 

1949 ±191 

1309 ± 112 

1134 ±109 

1957 ±152 

661± 102 

2748 ±191 

657 ±208 

807 ± 75 

428 ±48 

356 ±48 

399 ± 64 

239 ±20 

448 ±51 

470 ±22.5 

371 ±47 

849 ±85 

868 ± 90 

324 ± 46 

529 ±89 

873 ± 70 

463.5 ±48 

1021 ±73 

362 ± 24 

434 ±38 

Note: NG108-15 and HEK293T cells were transfected with différent constructs and analysed 

as described. Mean ± SEM. 
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Chapter 3 

Netrin-1 Causes Growth Cône Expansion in Rat Embryonic Spinal Commissural 

Neurons via Activation of Cdc42, Racl, and Pakl 

Summary 

Filopodia and lamellipodia are actin based membrane protrusions at the leading edge 

of motile cells and neuronal growth cônes. Netrin-1 is a secreted protein that guides cell 

and axon migration during neural development. In the embryonic spinal cord, netrin-1 

protein is produced by the floor plate and guides the growth cônes of commissural 

neurons toward the ventral midline. Deleted in colorectal cancer (DCC) is a netrin-1 

receptor that is required for commissural neurons to extend toward the floor plate. 

Extracellular eues influence growth cône shape and motility by influencing the 

organization of filamentous actin, the major cytoskeletal component of filopodia and 

lamellipodia. To investigate the mechanisms underlying the action of netrin-1 on neuronal 

growth cônes, we hâve developed an assay utilizing cultures of dissociated embryonic rat 

spinal commissural neurons isolated by dissociating micro-dissected embryonic rat dorsal 

spinal cord. Netrin-1 induces an increase in the surface area and filopodia number of the 

growth cônes of embryonic rat spinal commissural neurons. Expression of dominant 

négative forms of Cdc42 and Rac 1 indicated that both Cdc42 and Rac 1 are required for 

the effect of netrin-1 on commissural neuron growth cônes. Furthermore, we show that 
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Cdc42, Racl, and Pakl are activated by netrin-1 in thèse neurons, and that activation 

requires DCC and PI3K. 
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Introduction 

In the developing embryonic spinal cord, commissural neurons extend axons across 

the ventral midline (Tessier-Lavigne & Goodman, 1996). Netrins are a family of secreted 

proteins that guide migrating axons and cells during neural development (reviewed by 

Culotti & Merz, 1998; Kennedy, 2000). Netrin-1 is a bi-functional guidance protein 

(attractant and repellent) that is required for commissural neurons to extend to the ventral 

midline (Serafini et al, 1994; Kennedy et al, 1994). The receptors for netrin-1 in 

vertebrates include deleted in colorectal cancer (DCC), neogenin, and UNC-5 homologs. 

DCC is a single-pass trans-membrane receptor of the immunoglobulin (Ig) superfamily 

that is highly expressed in commissural neurons and required for the axons to be attracted 

to a source of netrin-1 (Keino-Masu et al, 1996). The repellent response to netrin-1 

requires either an UNC-5 homolog or a complex of an UNC-5 homolog with DCC 

(Ackerman et al, 1997; Hong et al, 1999; Leonardo et al, 1997; reviewed by Song & 

Poo, 2001). 

The leading edge of an advancing growth cône extends filopodia and lamellipodia 

protrusions to probe and sensé the complex extracellular environment. This in turn affects 

the growth cône dynamics, shape, and motility (reviewed by Bentley & O'Connor, 1994; 

Tanaka & Sabry, 1995). A dense network of actin filaments and bundles form the main 

structure of lamellipodia and filopodia, and are in continuous assembly and disassembly 

in response to extracellular eues (Mueller, 1999). The régulation of F-actin assembly at 

the tips of filopodia controls filopodia extensions and retractions in growth cônes 

(Mallavarapu & Mitchison, 1999). Asymmetric retraction of filopodia across growth 

cônes has also been implicated in répulsive turning responses made by growth cônes 

toward LPA (lysophosphatidic acid) (Yuan et al, 2003). The présence of DCC at the tips 
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of filopodia and the edge of lamellipodia of commissural neurons (Shekarabi & Kennedy, 

2002) supports the conclusion that DCC plays an important rôle in transducing the 

response to extracellular netrin-1. 

The organization of the actin cytoskeleton is regulated by Rho GTPases that act as 

molecular switches by cycling between active and inactive forms (reviewed by Hall, 

1998; Schmidt & Hall, 1998). Based on studies in fibroblasts, RhoA has been implicated 

in the formation of stress fibers, Racl in formation of lamellipodia, and Cdc42 in 

formation of filopodia (reviewed by Ridley, 2001; Luo, 2000; Mueller, 1999). The rôle 

of GTPases in growth cône dynamics and axon outgrowth has also been studied 

(reviewed by Dichson, 2001). Rho GTPase activity is tightly regulated and they regulate a 

variety of downstream effectors (reviewed by Bishop & Hall, 2000; Van Aelst & 

D'Souza-Schorey, 1997). 

We hâve previously shown that the activation of two small GTPases, Cdc42 and 

Racl, by netrin-1 in DCC transfected cell Unes causes filopodia formation and cell 

spreading (Shekarabi & Kennedy, 2002). Hère, we show that in embryonic rat spinal 

commissural neurons netrin-1 activâtes Cdc42 and Racl and that this requires DCC and 

PI3 kinase. The activation of Cdc42 and Racl by netrin-1 in thèse neurons triggers 

growth cône expansion. Furthermore, we demonstrate that Pakl, a downstream effector of 

Cdc42 and Racl, is activated by netrin-1 in thèse neurons. Thèse results show that netrin-

1 acts through DCC to direct the reorganization of F-actin, leading to extension of the 

edge of the growth cône of embryonic spinal commissural neurons. 
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Material and Methods 

Cell Culture and Explant Assays 

Dorsal halves of the spinal cord of El3 (EO = vaginal plug) rat embryos were 

microdissected (Fig. 1A), dissociated, and cultured as described (Shekarabi & Kennedy, 

2002). For protein biochemistry, dissociated neurons were cultured in 35 mm tissue 

culture plates coated with poly-D-lysine (Sigma, St. Louis, MO, 20 p.g/ml) at 37 °C for 2 

hours in HANK's-buffered sait solution (HBSS, Invitrogen, Canada) at a density of 4x106 

cells per plate. For immunostaining, the neurons were plated on 13 mm diameter glass 

coverslips (Carolina Biological Supply, Burlington, NC) at a density of 7x10 3 cells per 

coverslip. Coverslips had been coated with poly-D-lysine (20 pg/ml) at 4°C overnight or 

first poly-D-lysine followed by 10 pg/ml netrin-1 protein at 37°C overnight. Thirty-six 

hours after plating the cells, the cultures were washed, changed to B27-free Neurobasal 

(Invitrogen, CA), and incubated for another six hours prior to stimulation with 80 ng/ml 

purified netrin-1 protein. Cells were then either lysed and the homogenate assayed, or 

fixed for immunostaining as described (Shekarabi & Kennedy, 2002). For explant axon 

outgrowth assays, dorsal spinal cord explants were dissected from El3 rat embryos 

(Serafini et al, 1994) and cultured in three-dimensional collagen gels as described 

(Tessier-Lavigne et al, 1988) with 3-4 explants in each gel. Explants were cultured at 

37°C for 16 hrs in Neurobasal containing, 10% IFBS, 2mM Glutamine, 1 unit/ml 

penicillin, and 1 pg/ml streptomycin. When added, netrin-1, LY 294002 (50 p.M, Sigma) 

or Wortmanin (1 pM, Calbiochem) were présent for the duration of the experiment. 
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Other Reagents 

The following reagents were also used: affinity purified rabbit polyclonal netrin 

antibody PN3 (25 pig/ml, Metin et al, 1997); purified non-immune rabbit IgG (25 Ug/ml, 

Invitrogen); function blocking DCC monoclonal antibody, anti-DCCpB (AF5, Oncogene 

Sci., MA); a polyclonal anti-Pakl antibody (NEB); 1: 25 of anti-NeuN (provided by R. 

Mullen, U. Utah); anti-phospho Ser-198 and 203-specific Pakl (provided by M. 

Greenberg, Harvard university, MA); anti-Akt and phospho Ser-473-specific Akt 

antibodies (provided by D. R. Kaplan, University of Toronto, ON). Expression constructs 

encoding GST fusion proteins of wild type Cdc42 and Racl were obtained from Dr. G. 

Bokoch (The Scripps Institute, CA) (Bagrodia et al, 1995). Dominant négative (NI7) and 

constitutive active (VI2) forms of Cdc42 and Racl expressing adenoviruses were 

provided by Dr. J. Bamburg (Colorado State University, CO). Adenovirus espressing 

Acof N-WASP or GFP was made as described in He et al. (1998). 

Immunocytochemistry, Actin Staining, and Quantification 

Filamentous actin was visualized using fluorescein-conjucated (FITC) phalloidin 

(Sigma). Number of filopodia and growth cône surface area were quantified as described 

(Shekarabi & Kennedy, 2002). For quantification of axon outgrowth from explants, 

photomicrographs were taken using a Cari Zeiss Axiovert microsope, phase-contrast 

optics, a 20x objective lens, Magnafire CCD caméra (Optronics, CA), and analyzed using 

Northern Eclipse image analysis software (Empix Imaging Inc, Canada). The total length 

of ail axon bundles emerging from each explant was measured as described (Serafini et 

al, 1994) and expressed as mean ± SEM. The statistical significance of différences 
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between means was evaluated by a one-way analysis of variance with Sheffe post-hoc test 

(Systat, SPSS, II). 

Co-Immunoprecipitation 

For co-immunoprecipitation studies, cultured commissural neurons were treated 

with 80 ng/ml netrin-1 protein for the time indicated and then lysed with NP40 lysis 

buffer (25 mM HEPES pH=7.5, 300 mM NaCl, 1% NP40, 0.25 % sodium deoxycholate, 

ImM sodium orthovanadate, ImM EDTA). The lysate was cleared by centrifugation at 

15.000xg for 12 min at 4°C. Supernatants were collected and used for 

immunoprecipitation analyses. One ug of monoclonal anti-DCCiN, raised against the 

DCC-ICD, was added to 600 pi of lysate (G97-449, PharMingen, Canada). For Pakl 

immunoprecipitation, 2 pg polyclonal anti-Pakl (NEB) was used. Immunocomplexes 

were isolated using protein G Sepharose (Sigma), washed with the lysis buffer, and 

resolved by SDS-PAGE followed by western blot analysis. 

GTPyS Loading Assay 

GTPyS loading assays were performed as described (Knaus et al, 1992). Neurons 

cultured in 35 mm plates were treated with purified 80 ng/ml netrin-1 protein for 3 

minutes and lysed in 25 mM HEPES pH=7.5, 150 mM NaCl, 1% NP40, 0.25% DOC, 5% 

glycerol, 25 mM NaF, lOmM MgCl2, ImM EDTA, ImM SOV, 2 pg/ml leupeptin, 

2 pg/ml aprotinin, 1 pg/ml pepstatin, and 2 mM PMSF). Inhibitors of PI3K were added to 

the cultures 45 min before netrin-1. Lysates were then incubated with 100 pM GTPyS in 

the présence of 10 mM EDTA for 12 minutes at 31°C. Activated Cdc42 and Racl were 
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pulled down with 20 pi of glutathione-coupled Sepharose 4B beads (Pharmacia, 

Piscataway, NJ) that had been loaded with 10 ug of bacterially expressed GST-Pakl-

CRIB domain fusion protein (amino acids 56-272, Sander et al., 1998). The components 

of the protein complex were then resolved by SDS-PAGE and western blot analysis 

carried out using monoclonal anti-Racl (Transduction Laboratories, Lexington, KY) or 

polyclonal anti-Cdc42 (Santa Cruz Biotechnology, Santa Cruz, CA). Signais were 

detected using ECL (MEN Life Science Products, Boston, MA). Densitometry and 

quantification were carried out using NIH Image software (United States National 

Institutes of Health). 

GST-Cdc42 and -Racl Pull-Down Assay 

GST-Cdc42 and GST-Racl fusion proteins were expressed in bacteria and isolated 

as described (Sander et al, 1998). Cultured commissural neurons were treated with 80 

ng/ml netrin-1 protein for the times indicated. Cell lysates were then incubated with 

GTPyS, 10 mM EDTA, and either GST-Cdc42 or GST-Racl fusion proteins at 31°C for 

12 minutes. The complex of bound proteins was then isolated using glutathione-coupled 

Sepharose 4B beads as described above. The pellet was washed with lysis buffer, the 

bound proteins resolved by SDS-PAGE, and then western blot analysis carried out using 

anti-DCCiN and anti-phospho-Pakl. Immunoreactivity was detected using ECL. 
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Results 

Netrin-1 Causes DCC Dépendent Expansion of Commissural Neuron Growth Cônes. 

In the embryonic spinal cord. commissural neurons express DCC as they extend an 

axon towards the floor plate at the ventral midline (Keino-Masu et al, 1996). To 

investigate the morphological and biochemical response of thèse neurons to netrin-1, we 

developed a method of culturing thèse neurons in vitro. This involved microdissecting the 

dorsal half of El3 embryonic rat spinal cords that contain the commissural neuron cell 

bodies, dissociating this tissue, and culturing the cells (Fig. 1A and 1C). Immunostaining 

for NeuN, a neuronal marker, indicated that greater than 90% of the cells in thèse cultures 

are neurons (data not shown). Furthermore, thèse neurons express TAG-1 and DCC, both 

markers of embryonic spinal commissural neurons in vivo (Dodd et al, 1988; Keino-

Masu et al, 1996) (Fig. 1B). Thèse results support the conclusion that thèse cultures are 

highly enriched with cells having the properties of embryonic spinal commissural 

neurons. 

Growth cône turning involves actin dépendent membrane extension on one side of 

the growth cône, coordinated with partial withdrawal on the other side (reviewed by 

Mueller, 1999). Growth cône collapse has been used as an assay to study mechanisms 

underlying the action of repellent guidance eues (reviewed by Castellani & Rougon, 

2002). Hère we report that addition of recombinant netrin-1 protein to dissociated 

commissural neurons in vitro causes growth cône expansion (Fig. 2A-2C). Morphometric 

analysis of the growth cônes of commissural neurons indicates that netrin-1 induces an 

increase in the number of filopodia and the growth cône surface area (Fig. 3 A and 3C). 

Evidence That Netrin-1 Acts as an Adhesive Substrate Bound Cue 
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We hâve previously reported that the majority of netrin-1 protein is not freely soluble 

in vivo, but is bound to cell surfaces or extracellular matrix (Manitt et al, 2001, Manitt 

and Kennedy, 2002). This suggests that netrin-1 may act as a component of the 

extracellular matrix and médiate an adhesive function. Consistent with this, we found that 

growth cône expansion was induced both when soluble recombinant netrin-1 was added 

to the culture média (80 ng/ml) or when the coverslips were pre-coated with a netrin-1 

containing solution (5 pg/ml), which was then removed before plating the neurons (Fig. 

2D; Fig. 3B and 3D). A DCC function blocking monoclonal antibody (DCCFB) blocked 

the effect of both soluble or substrate bound netrin-1, indicating that DCC is required for 

the expansion of commissural neuron growth cônes in response to netrin-1 (Fig. 3 A -

3D). Interestingly, addition of netrin-1, either soluble or substrate-bound, did not 

significantly affect axon outgrowth length from thèse cells (poly K= 40.15± 3.99; poly K 

+ netrin= 44.48± 2.9; poly K - netrin= 42.37± 3.85; poly K - netrin+ anti-netrin = 39.98± 

3.5; poly K - netrin + anti-DCCFB = 33.14± 2.84 (+ soluble netrin-1, - netrin-1 substrate, 

and poly K indicates poly-D-lysine). This suggests that netrin-1 may influence directional 

choices, affecting the morphology of the growth cône, without having a dramatic effect 

on the rate of axon outgrowth. 

Netrin-1 and DCC Dépendent Growth Cône Expansion Requires Racl and Cdc42 

Multiple signal transduction pathways lead from the cell surface to the actin 

cytoskeleton in différent cell types. Previously, we reported that netrin-1 causes cell 

spreading and filopodia formation in cell Unes transfected to express DCC (Shekarabi & 

Kennedy, 2002). Thèse findings included the démonstration that netrin-1 independently 

activated Cdc42 and Racl in HEK293T cells and NG108-15 neuroblastoma-glioma cells. 
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Hère, we directly assess the rôle of Cdc42 and Racl in the morphological changes 

induced by netrin-1 in the growth cônes of embryonic rat commissural neurons. 

Dissociated neurons were infected with adenoviruses encoding either dominant négative 

or constitutively active forms of Cdc42 and Racl. Infection with adenoviruses expressing 

GFP served as control. The virally encoded Cdc42, Racl, and GFP were ail myc epitope 

tagged. Forty-eight hours post-infection the neurons were treated with netrin-1, fixed, and 

then immunostained with the 9E10 monoclonal antibody against the myc epitope, and 

stained with FITC coupled phalloidin to visualize F-actin. Quantification of growth cône 

surface area and filopodia number revealed that expression of dominant négative Cdc42 

(N17Cdc42), but not GFP alone, produced a significant decrease in the ability of netrin-1 

to induce growth cône filopodia formation (Fig. 3E). Growth cône surface area was also 

decreased by N17Cdc42 in neurons exposed to netrin-1, suggesting that Cdc42 activation 

contributes to growth cône spreading. This provided a morphological indication 

suggesting that Cdc42 may be upstream of netrin-1-induced Racl activation in embryonic 

rat commissural neurons (Fig. 3F). Expression of dominant négative Racl (N17Racl) 

completely blocked the netrin-1-induced increase in growth cône surface area (Fig. 3F). 

This also caused a decrease in the number of filopodia. although this was still higher than 

control neurons (Fig. 3E). The reduced number of filopodia in the présence of dominant 

négative Rac 1 may be secondary to the decrease in the overall size of the growth cône, 

and does not necessarily indicate that Racl plays a rôle in activating Cdc42 in thèse cells. 

However, expression of either constitutively active Cdc42 (CACdc42) or constitutively 

active Racl (CARacl) is sufficient to increase both growth cône surface area and 

filopodia number in thèse neurons (Fig. 3E and 3F). Thèse findings suggest that while 
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Cdc42 may be functionally upstream of Racl in commissural neurons, over-expressed 

CARacl may be able to activate Cdc42 in thèse cells. 

Activation of Cdc42 and Racl by Netrin-1 in Rat Embryonic Spinal Commissural 

Neurons 

A technical challenge we encountered when examining the activation of Cdc42 and 

Racl was the relatively small number of commissural neurons obtained following micro­

dissection and the low level of endogenous Cdc42 and Racl in thèse cells. This limitation 

was overcome by adapting a GTPyS loading assay. Rho-GTPases are activated by 

proteins called GEFs (guanosine exchange factors) that catalyze the exchange of GDP for 

GTP. GTPyS binds irreversibly to Rho-GTPases and is not hydrolyzed, trapping them in 

an activated state. By incubating GPTyS in lysates of commissural neurons and isolating 

GTPyS bound endogenous Cdc42 and Racl using the GST-Pakl-CRIB fusion protein, it 

was possible to visualize and quantify RhoGTPase activation following treatment with 

netrin-1. The results of this assay indicate that application of netrin-1 rapidly activâtes 

both Cdc42 and Racl in embryonic commissural neurons (Fig. 4A, 4F, and 4G). Notably, 

because the assay measures the accumulation of GTPyS bound Cdc42 or Racl, this 

finding suggests that application of netrin-1 leads to the activation of a GEF for thèse 

GTPases. Application of anti-DCCFB in combination with netrin-1 demonstrated that 

activation of Cdc42 and Racl requires DCC (Fig. 4B, 4F, and 4G). Interestingly, 

adenoviral mediated expression of N17Cdc42 or N17Racl provided évidence that netrin-

1 mediated activation of Cdc42 is independent of Racl, while activation of Racl appears 

to be dépendent on Cdc42 (Fig. 4C). This is consistent with the morphological findings 

67 



described above (Fig. 3). Together, thèse findings suggest that Cdc42 activation is 

functionally upstream of Racl activation in embryonic rat spinal commissural neurons 

(Fig. 4C). 

Activation of Cdc42 and Racl by Netrin-1 in Rat Embryonic Spinal Commissural 

Neurons Requires PI3 Kinase 

PI3 kinase (PI3K) plays multiple important rôles during neural development 

(reviewed by Rodgers & Theibert, 2002). Of particular relevance hère, PI3K régulâtes 

Rho GTPase activation (reviewed by Fruman et al, 1998), and directly régulâtes certain 

GEFs (Innocenti et al, 2003; Fukuda et al, 2002). Application of membrane perméable 

inhibitors of PI3K, 50 pM LY294002 and 1 pM Wortmannin, to cultured commissural 

neurons indicated that PI3K is required for netrin-1 to activate Racl and Cdc42 (Fig. 4D). 

The effectiveness of PI3K inhibition was monitored by western blot analysis of Akt 

phosphorylation, a downstream target of PI3K (Fig. 4D). Anti-phospho-Akt and western 

blot analysis of commissural neuron homogenates indicated that netrin-1 did not affect 

phosphorylation of Akt at early time points, less than 30 min, but that at later time points 

a small increase in phospho-Akt was detected (Fig. 4E). Thèse findings suggest that 

activation of PI3K is not required for the activation of Cdc42 and Racl, but that PI3K 

activation may contribute to the response to netrin-1 at later time points. 

To investigate the functional conséquence of inhibiting PI3K, axon outgrowth 

assays were performed using dissected explants of dorsal El3 embryonic spinal cords 

cultured in a collagen gel. Thèse experiments hâve shown that the PI3 kinase inhibitors 

caused a decrease in the total axon bundle length of the explants treated with both 

inhibitors and netrin-1 (Fig. 5 A and 5B). The decrease in the total axon bundle length was 
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dépendent on the netrin-1 concentration. The réduction was significant in concentrations 

over 100 ng/ml of netrin-1 protein (Fig. 5A). Cells in the explants continue to appear 

healthy and phase bright following treatment, suggesting that the PI3K inhibitors are not 

triggering apoptosis at the time points examined. Furthermore, no increase in TUNEL 

staining of similarly treated dissociated commissural neurons was observed following 

application of the PI3K inhibitors (data not shown). 

Netrin-1 Activâtes Pakl, a Downstream Effector of Racl and Cdc42 

Having found that netrin-1 activâtes Cdc42 and Racl, we then examined if 

downstream effectors of thèse proteins might also be activated in commissural neurons. 

Activation of the serine/fhreonine kinase Pakl, an effector for both Cdc42 and Racl, can 

be assessed by monitoring serine-198 and -203 phosphorylations of Pakl. Using an 

antibody against phospho Ser-198 and 203-specific Pakl (Shamah et. al, 2001; Sells et. 

al, 2000), we investigated the possibility that netrin-1 might activate Pakl in 

commissural neurons. By staining dissociated commissural neurons, an increase in 

phospho-Pakl (pPakl) was detected immunocytochemically in growth cônes within 5 

min of adding netrin-1 (Fig. 6A-6F). The relative levels of pPakl in lysates of thèse cells 

were then detected on western blots. Application of netrin-1 induced activation of Pakl 

within 5 min of addition of netrin-1 protein to the cultures. The level of pPakl remained 

elevated for at least one hour, but had decreased to the level of control within 2 hours. 

Interestingly, coïncident application of netrin-1 and either the DCC function blocking 

antibody, LY294002, or Wortmanin, demonstrated that netrin-1 induced activation of 

Pakl requires DCC and PI3K (Fig. 7A). The phosphorylation of Pakl observed hère, 

implicates the involvement of a well-established pathway through which activation of 
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Cdc42 and Racl by netrin-1 could promote the polymerization of actin and influence 

growth cône motility. 

Pakl binds Nckl, an adaptor protein containing two SH3 domains that bind 

constitutively to proline rich séquences in the DCC-ICD (Li et al, 2002). Expression of 

dominant négative Nckl inhibited DCC induced extension of neurite-like processes from 

N1E-115 neuroblastoma cells and blocked DCC dépendent activation of Racl by netrin-1 

in fibroblasts, suggesting that Nckl is required for DCC signal transduction (Li et al, 

2002). To détermine if an interaction between Pakl and Nckl might contribute to the 

netrin-1-induced increase in commissural neuron growth cône surface area and filopodia 

number, we used a cell perméable peptide that acts as a dominant négative inhibitor of 

Pakl binding to Nckl. The Pak-peptide consists of 13 amino acids that correspond to the 

first proline-rich domain of Pakl fused to the polybasic séquence of the HIV Tat protein, 

which facilitâtes peptide entry into cells. Application of this peptide inhibits endothelial 

cell migration and angiogenesis (Kiosses et al, 2002). A corresponding control peptide, 

mutated at two prolines required for binding to the Nckl SH3 domain, had no effect on 

angiogenesis and cell migration. 

Dissociated embryonic rat commissural neurons were cultured as described above. 

The peptides, Pak-peptide or control (20 pg/ml), were added to the cultures 45 min before 

the addition of netrin-1 (80 ng/ml). Addition of Pakl peptide to primary cultures of 

dissociated commissural neurons blocked the netrin-1-induced increase in the growth 

cône surface area and filopodia number while application of the control peptide did not 

(Fig. 7B and 7C). Thèse findings support the conclusion that an interaction between Pakl 

and Nckl is required for netrin-1-induced expansion of the growth cônes of embryonic rat 

spinal commissural neurons. 
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Netrin-1 Induces Formation of a Complex of DCC, Pakl, Cdc42, and Racl. 

Activated Cdc42 and Racl bind directly to Pakl to regulate its activation (Bagrodia 

& Cerione. 1999). To détermine if netrin-1 promûtes an interaction between activated 

Cdc42 and Racl with Pakl, we again used the GTPyS loading assay described above. 

Purified GST-Cdc42 or GST-Racl fusion proteins were added to lysates of dissociated 

commissural neurons in the présence of GTPyS and interacting proteins isolated and 

identified by western blotting. The results obtained show that addition of netrin-1 protein 

to commissural neurons promûtes the binding of activated Cdc42 and Racl to pPakl and 

to DCC (Fig. 8A). Increased binding to DCC and pPakl were observed in homogenates 

derived from cells that had been treated with netrin-1 for 30 min. Thèse findings suggest 

that application of netrin-1 causes a DCC dépendent activation of Cdc42, Racl and Pakl 

in spinal commissural neurons and promûtes the formation of a complex that includes 

DCC, Nck 1, Cdc42, Rac 1, and Pak 1. 

We then tested this hypothesis by attempting to co-immunoprecipitate (co-IP) 

members of this complex with endogenous DCC. It was possible to IP a complex 

containing DCC and Pakl from lysates of the dissociated commissural neurons cultured 

with netrin-1 protein. Pakl was detected following IP using an antibody against DCC 

(Fig. 8B). Conversely, DCC and Nckl were detected using an antibody to IP Pakl (Fig. 

8C) Increased amounts of DCC and Pakl were co-immunoprecipiated following 

application of netrin-1, indicating that netrin-1 promûtes the formation of a complex that 

includes Pakl and DCC. Nckl has been previously shown to bind constitutively to the 

DCC-ICD via its first and third SH3 domains (Li et al, 2001). Pakl binds to the second 

SH3 domain of Nckl (Hing et al, 1999). Together, thèse findings support a model in 

71 



which Nckl is bound to proline rich régions in DCC via its lst and 3rd SH3 domains, 

leaving the 2nd SH3 domain of Nckl able to bind to Pakl. Interestingly, following co-IP 

using anti-Pakl, netrin-1 substantially reduces the amount of Nckl in the 

immunoprecipitate (Fig. 8C). This is consistent with the majority of Nckl and Pakl being 

présent as a constitutive complex in the cytoplasm (Lu et al, 1997). Addition of netrin-1 

to the cells disrupts the cytoplasmic complex, while increasing the relative amount of 

Nckl interacting with DCC on the plasma membrane. 

A Possible Rôle for (3PIX as a GEF Downstream of Netrin-1 

PIX are a family of Dbl homology domain containing proteins that hâve GEF 

activity for both Cdc42 and Racl (Manser et al, 1998). (31 PIX and (32PIX are encoded by 

two gènes and multiple variants are produced by alternative mRNA splicing (Manser et 

al, 1998). Both (31 PIX and (32PIX are expressed in brain; however (32PIX is more 

abundant in brain tissue (Koh et al, 2001). (3PIX immunoreactivity, ~78 kDa, was 

isolated bound to GST-Racl from a lysate of dissociated commissural neurons (Fig. 8D). 

This finding indicates that (3PIX is expressed by thèse neurons and raises the possibility 

that (3PIX may function as a GEF, activating Cdc42 and possibly Racl downstream of 

DCC. Further studies will be required to characterize the rôle of (3PIX in commissural 

neurons in response to netrin-1. 

N-WASP Is Required for Filopodia Formation via Netrin-1 in Commissural 
Neurons 

A major downstream effector of active Cdc42 that régulâtes actin polymerization is 

the neuronal Wiskott-Aldrich syndrome protein (N-WASP) (Mullins, 2000). 
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Immunocytochemical analysis detected N-WASP protein throughout commissural neuron 

growth cônes, including immunoreactivity within filopodia (Fig. 9A). To investigate a 

rôle for N-WASP in the response of spinal commissural neuron growth cônes to netrin-1, 

an adenovirus expressing a Flag tagged dominant négative mutant form of N-WASP was 

utilized. The mutant N-WASP (Acof N-WASP) contains a four-amino acid deletion in its 

C- terminal domain that cannot direct actin reorganization and acts as a dominant-

négative blocking Cdc42-induced filopodium formation and neurite extension (Banzai et 

al. 2000). Cultured commissural neurons were infected with 20 MOI of Acof N-WASP 

or GFP adenoviruses in the présence of netrin-1 protein. Forty-eight hours later the cells 

were fixed and stained with an antibody against the Flag tag to identify the cells 

expressing Acof N-WASP (Fig. 9B and 9C). Quantification of the morphology of the 

growth cônes of thèse cells indicates that interfering with N-WASP function blocks both 

the netrin-1 dépendent increase in filopodia number and growth cône surface area. Using 

GST-Cdc42 fusion protein we were then able to detect increasing association of netrin-1-

induced activated Cdc42 with N-WASP and Pakl in the commissural neurons (Fig. 9D). 

Thèse results suggest that netrin-1 causes activation of Pakl and N-WASP via Cdc42. 
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Discussion 

Membrane ruffling, lamellipodia formation, and the initiation of actin polymerization 

at the tips of filopodia, drive the expansion, extension, and motility of growth cônes 

(reviewed by Mueller, 1999). Growth cône turning is thought to be the resuit of directed 

extension of the growth cône caused by the restricted polymerization of actin within the 

growth cône (reviewed by Bentley, 1994). Actin polymerization at the tips of filopodia 

and the edges of lamellipodia is regulated by the Rho family of small GTPases 

(Mallavarapu, 1999). 

Well studied members of the Rho family of small GTPases include Cdc42, Racl, 

and Rho A. Thèse GTPases hâve been implicated in the expansion, extension, and 

collapse of growth cônes (reviewed by Meyer & Feldman, 2002). They are binary 

molecular switches that cycle between active GTP bound and inactive GDP bound forms. 

GEFs, GAPs, and GDIs regulate GTPase activity by facilitating activation or inactivation 

(reviewed by Hall, 1998; Hoffman, 2002). Active forms of thèse GTPases bind and 

activate their downstream targets leading to actin polymerization, regulating adhésion, 

gène expression, and intracellular trafficking (reviewed by Schmitz, 2000). A rôle for 

RhoGTPases in the response to netrin-1 in neuronal growth cônes has not previously been 

reported. 

Chapter 2 describes results indicating that netrin-1 protein increases cell spreading 

and filopodia formation by activating Cdc42 and Racl in cell Unes transfected to express 

DCC (Shekarabi & Kennedy, 2002). The findings presented hère show that netrin-1 

causes an increase in the surface area and filopodia number of the growth cônes of rat 

embryonic spinal commissural neurons. This netrin-1 induced change in growth cône 

morphology requires the Rho GTPases Cdc42 and Racl. In addition, netrin-1 activâtes 
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Cdc42 and Racl, and their effector the serine-threonine kinase Pakl, in thèse neurons. 

Evidence is provided that the activation of Cdc42, Racl, and Pakl, require DCC and 

PI3K. Furthermore, évidence is provided that the addition of netrin-1 to rat embryonic 

commissural neurons promûtes the formation of a complex of effector proteins with the 

DCC-ICD that includes Cdc42, Racl, NcKl, Pakl, and N-WASP. 

The results described hère used a GTPyS loading assay to visualize activated Cdc42 

or Racl in the présence and absence of netrin-1 protein in the commissural neurons. The 

results obtained provide évidence that an as yet unidentified GEF(s) is activated by 

netrin-1, and that this in turn leads to the activation of Cdc42 and Racl. The possibility 

that netrin-1 may also regulate GAP(s) or GDI(s) remains to be investigated. Activation 

of Cdc42 in the présence of dominant négative Racl implies that netrin-1 activâtes a GEF 

with the capacity to activate Cdc42. Conversely, the absence of Racl activation in the 

présence of a dominant négative form of Cdc42 suggests that the major pathway of 

activation is first through Cdc42, which then leads to activation of Racl. A requirement 

for Racl activation on activation of Cdc42 has been reported previously (Nobes & Hall, 

1995; Kozma et al, 1995). Importantly, this differs from our earlier report that in 

HEK293T and NG108-15 cells that Cdc42 and Racl could each be activated 

independently by netrin-1, implying the présence of a GEF(s) with the capacity to activate 

both Cdc42 or Racl (Shekarabi and Kennedy, 2002). The différence observed likely 

reflects cell spécifie différences in the GEF proteins expressed. Hère we provide évidence 

that the GEF protein (3PIX is expressed by embryonic rat commissural neurons, however 

further studies will be required to détermine if (3PIX is involved in the response of growth 

cônes to netrin-1. However, activation of (3PIX requires PI3K, and if (3PFX is the GEF for 
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DCC, this may explain the finding that inhibitors of PI3K block the response to netrin-1. 

In addition, Forcet et al. (2002) hâve provided évidence that netrin-1 activâtes MEK1/2 

leading to activation of ERK1/2. MEK and ERK can function as upstream activators of 

(3PIX, suggesting a model where netrin-1 binds to DCC, this activâtes MEK and ERK, 

and the activation of (3PIX then leads to activation of Cdc42 (further discussed in chapter 

4). This is an attractive hypothesis, however, GEFs acting downstream of netrin-1 and 

DCC remain to be identified. 

A Complex of DCC, Nckl, and Pakl Contributes to the Régulation of the 

Orgranization of Actin in Rat Embryonic Commissural Neurons 

Pakl is an important mediator between the small Rho GTPases and downstream 

effectors that regulate actin polymerization (reviewed by Bagrodia & Cerione, 1999). The 

DCC-ICD interacts constitutively with the SH2 and SH3 domain containing adaptor 

protein Nckl in commissural neurons (Li et al, 2002). Nck acts as a scaffold, binding via 

an SH3 domain to Pakl (Bokoch et al, 1996; reviewed by Li et al, 2001). The findings 

presented hère indicate that netrin-1 activâtes Pakl and promûtes the formation of a 

macromolecular complex containing activated Pakl and DCC. 

Although Pakl has not previously been shown to be activated by netrin-1, inhibition 

of Pakl has been reported to play a rôle in growth cône collapse. Semapohorins are a 

family of secreted and transmembrane proteins that trigger growth cône collapse. Sema-

4d signaling via plexin-B 1 has been shown to cause inactivation of Pakl leading to 

inhibition of actin assembly (Vikis et al, 2002). LIM kinase 1 is an important effector 

regulating actin polymerization that acts downstream of Pakl (Edwards et al, 1999). By 
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regulating LIM kinase 1, Sema-3a induces sequential phosphorylation and 

dephosphorylation of cofilin during growth cône collapse (Aizawa et al, 2001). Together 

with the results presented hère, thèse findings suggest that Pakl is an important player 

regulating the response of neuronal growth cônes to extracellular guidance eues. 

Forcet et al. (2002) hâve shown that netrin-1 activâtes the MAPK (mitogen activated 

protein kinase) pathway by inducing ERK1 and ERK2 phosphorylation in transfected cell 

Unes. Inhibitors of MEK1 and MEK2 blocked netrin-1 dépendent axon outgrowth and 

turning. Pakl can also phosphorylate and activate MEK1 (Cole & Show, 2002; Eblen et 

al, 2002). This suggests a second model in which netrin-1 régulâtes activation of the 

MAPK pathway downstream of Cdc42, Racl, and Pakl activation. The findings 

presented hère indicate that netrin-1 activâtes Pakl in embryonic commissural neurons, 

however, determining if Pakl is upstream or downstream of MAPK activation will 

require additional analysis. 

N-WASP also binds to Nckl and activated Cdc42 (Rohatgi et al, 2001). By 

recruiting and activating the Arp2/3 complex, N-WASP plays a key rôle in promoting the 

nucleation and polymerization of F-actin (reviewed by Mullins, 2000). The findings 

presented hère provide évidence that N-WASP is expressed in embryonic rat spinal 

commissural neurons and is required for the netrin-1 induced changes in growth cône 

morphology. Furthermore, addition of netrin-1 promoted the formation of a complex that 

includes Cdc42, Pakl, and N-WASP. 

On the basis of the findings described, the following chapter présents a model of the 

molecular mechanism that trigger growth cône expansion in response to netrin-1, and 

growth cône turning in response to a gradient of netrin-1. 
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Figure 1. Analysis of dissociated embryonic rat spinal cord commissural neurons in 

vitro. 

(A) Schematic illustrating the micro-dissection of the dorsal half of the rat embryonic 

day 13 (El3) spinal cord which was used as a source of commissural neurons for 

dissociated cell culture. DCC and Tag-1 both markers of commissural neurons, are 

expressed by the cells in vitro. A monoclonal IgG against the C-terminal domain of DCC, 

anti-DCCiN, was used to detect endogenous DCC (green), and the 4D7 monoclonal IgM 

was used to detect Tag-1 (red) (panel B, 20x objective). Panel C shows a higher 

magnification image of the growth cônes of dissociated commissural neurons, labeled for 

DCC (red) and filamentous actin using FITC-coupled phalloidin (green). lOOx objective, 

Scale bars correspond to 10 pm. D; dorsal, V; ventral, CN; commissural neurons, MN; 

motor neurons. 
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Figure 2. Netrin-1 causes DCC dépendent embryonic rat spinal commissural neuron 

growth cône expansion. 

Dissociated spinal commissural neurons were grown on a substrate of poly-D-lysine 

(A - C). In panel A, no netrin-1 was added to the culture. Panel B illustrâtes the effect of 

application of 80 ng/ml netrin-1 protein to the culture média for 5 minutes. Panel C shows 

the effect of 30 min application of soluble recombinant netrin-1 (80 ng/ml). Unlike the 

growth cônes shown in panels A-C, that received soluble recombinant netrin-1 protein, 

neurons in panel D were grown on a coverslip coated with a substrate of poly-D-lysine 

and netrin-1 protein. DCC immunoreactivity is shown in red. F-actin in the growth cônes 

was visualized using FITC-coupled phalloidin (green). Scale bar corresponds to 10 pm, 

lOOx objective. 
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Figure 3. Netrin-1 causes an increase in commissural neuron growth cône surface 

area and filopodia number via a mechanism that requires Cdc42 and Racl. 

Présentation of netrin-1 as either a soluble or substrate-bound cue increased the 

surface area and number of filopodia per growth cône compared to the untreated neurons 

(A-D). Application of antibodies that block either netrin-1 (PN3) or DCC (AF5) function 

decreased the surface area and number of filopodia per growth cône compared to the 

netrin-1 treated neurons (n=25, error bars are SEM). To manipulate Cdc42 and Racl 

function, commissural neurons were infected with adenovirus' expressing either of 

N17Cdc42, N17Racl, CACdc42, CARacl or GFP alone (E and F). Forty-eight hours 

after infection, netrin-1 protein was added to the cultures. Thirty min later the cultures 

were fixed and immunostained using the 9E10 monoclonal antibody to detect the myc 

epitope tag of the recombinant proteins. Growth cône filopodia number and surface area 

were measured in myc-tagged, immunopositive neurons. Dominant négative Cdc42 

(N17Cdc42) significantly decreased the number of filopodia per growth cône compared 

to the adeniovirus expressing GFP in the présence of netrin-1 protein. Dominant Racl 

(N17Racl) produced a significant decrease in the number of filopodia per growth cône 

and in growth cône surface area (n=25) compared to the adeniovirus expressing GFP in 

the présence of netrin-1 protein. In the absence of exogenous netrin-1, constitutively 

active Cdc42 (CACdc42) or constitutively active Racl (CARacl) expression significantly 

increased both filopodia number and growth cône surface area compared to the 

adeniovirus expressing GFP (n= 15) (error bars, SEM). * indicates a p value of < 0.05, 

and ** indicates a p value of < 0.005. 
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Figure 4. Activation of Cdc42 and Racl by netrin-1 in rat embryonic spinal 

commissural neurons requires DCC and PI3 Kinase. 

Dissociated embryonic spinal commissural neurons were treated with 80 ng/ml 

netrin-1 or carrier for 3 minutes. The neurons were then lysed and incubated with GTPyS 

at 31°C. GTPyS bound Cdc42 and Racl were isolated using GST-Pakl-CRIB fusion 

protein and assayed by western blotting with antibodies against Racl or Cdc42 (A, F, and 

G). Cell lysates were probed using anti-DCC to confirm that equal amounts of total 

protein were loaded per lane. Panels B, F, and G show that addition of anti-DCCFB 

significantly reduced the activation of Cdc42 and Racl by netrin-1. To détermine if 

Cdc42 or Racl influence the activation of each other, cultured embryonic spinal 

commissural neurons were infected with adenoviral vectors (MOI=20) encoding 

N17Cdc42, N17Racl, or GFP as a control, grown for forty-eight hrs and assayed as 

described above (C). To investigate a possible rôle for PI3 kinase in netrin-1 activation of 

Rho GTPases, the PI3 kinase inhibitors LY294002 (50 pM) or Wortmanin (1 p.M) were 

applied for 45 minutes prior to the addition of netrin-1 protein. Panels D, F, and G 

illustrate the effect of 3 min stimulation with netrin-1. Panel E shows a time course 

following application of netrin-1. Interestingly, although PI3 kinase inhibitors blocked the 

activation of Cdc42 and Racl, by monitoring phospho-Akt, panel E indicates that 

addition of netrin-1 does not activate PI3 kinase at early time points. However, an 

increase in phospho-Akt was detected after 30 min, suggesting that PI3 kinase may be 

activated at later time points. 
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Figure 5. PI3 kinase inhibitors decrease axon outgrowth from netrin-1 treated 

embryonic dorsal spinal cord explants. 

Dorsal halves of E13 rat spinal cords were cultured in a 3D collagen matrix in the 

absence or présence of différent concentrations of netrin-1 protein and in the présence or 

absence of PI3 kinase inhibitors LY294002 (50 uM) and Wortmanin (1 uM) for 16 hours 

(A). The total length of axon outgrowth per explant was measured and plotted (B). Both 

inhibitors decreased the total length of the outgrowth per explant in a netrin-1 

concentration dépendent way. 
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Figure 6. Netrin-1 activâtes Pakl, a downstream effector of Racl and Cdc42. 

Cultures of dissociated spinal commissural neurons were prepared as described 

above (A-D) and treated with netrin-1 protein for 5 min (C and D). The neurons were 

then fixed and double stained with antibodies against phosphorylated Pakl (red) and DCC 

(green). Higher phospho-Pakl immunoreactivity was detected in growth cônes exposed to 

netrin-1. Images were captured using a cooled CCD caméra and identical exposure times 

in each of the différent conditions, allowing the intensity of fluorescence to be compared. 

Panel F shows quantification of phospho-Pakl immunoreactivity as the percentage of the 

growth cône surface area above threshold. (n= 28) (error bars, SEM). * indicates a p value 

of<0.05. 
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Figure 7. Activation of Pakl by netrin-1 requires DCC and PI3 kinase. 

Netrin-1 protein (80 ng/ml) was applied to dissociated commissural neurons for the 

times indicated. In some cases, PI3K inhibitors or the DCC function-blocking antibody 

were added to the cultures 1 hour before netrin-1. Panel A shows the results of western 

blot analysis using an antibody against phospho-Pakl. The same blot was reprobed with 

an antibody against Pakl to confirm that equal amounts of total protein had been loaded 

per lane. Netrin-1-induced an increase in phospho-Pakl, which was dépendent on PI3 

kinase and DCC. Panel B and C show the results of adding the Pak peptide, a cell 

perméable compétitive inhibitor of Pakl binding to the adaptor protein Nckl. The control 

peptide contains amino acid substitutions for two prolines that are required for SH3 

domain binding. Addition of the Pak peptide to cultures of dissociated commissural 

neurons for 40 min blocked the netrin-1-induced increase in filopodia number and growth 

cône surface area compared to the control peptide in the présence of netrin-1 protein. The 

control peptide produced no effect (B and C). Thèse experiments suggest that Pakl 

binding to Nckl is required for netrin-1-induced commissural neuron growth cône 

expansion (n= 25) (error bars, SEM). * indicates a p value of < 0.05, and ** indicates a p 

value of< 0.005. 
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Figure 8. Evidence that netrin-1 induces the formation of a complex that includes 

Cdc42, Racl, Pakl, and DCC. 

(A) Following treatment with netrin-1, cell lysates of dissociated commissural 

neurons were prepared as described in Figure 4. Purified recombinant protein encoding 

GST-Cdc42 or GST-Racl was added to lysates along with GTPyS. The GST fusion 

protein complex was then isolated and separated using SDS-PAGE. Treatment with 

netrin-1 promoted the formation of a complex of proteins that included phospho-Pakl, 

DCC, Cdc42, and Racl. Increased binding activity was observed following a minimum of 

5 min treatment with netrin-1. (B) DCC IP (1.5 pg anti-DCCiN) was carried out using 

lysates of dissociated commissural neurons (~4xl O6 cells per 60 mm culture dish) and 

then immunobloted using anti-Pakl. Treatment of the cells with netrin-1 (80 ng/ml for 5 

minutes) increased the amount of Pakl protein co-immunoprecipitating with DCC. (C) 

Consistent with this, increased amounts of DCC were detected in a co-IP with anti-Pakl 

following treatment with netrin-1 (80 ng/ml for 5 min). Substantially less Nckl protein 

was isolated by anti-Pakl IP following treatment with netrin-1. (D) (3Pix 

immunoreactivity, ~78 kDa, was detected following GST-Racl pull down from 

homogenates of cultured dissociated commissural neurons. As a positive control, an 

immunorective band of the same molecular weight was detected in PC 12 cells. 
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Figure 9. N-WASP is required for netrin-1 induced filopodia formation in 

commissural neurons. 

(A) Dissociated commissural neurons were immunostained with antibodies against 

DCC (green) and N-WASP (red). Immunoreactivity of both N-WASP and DCC was 

distributed along the axon, growth cône, and filopodia of commissural neurons. (B and C) 

Following infection with adenoviral vectors encoding either GFP or Acof N-WASP, 

growth cône morphology was quantified. Consistent with figure 3, addition of netrin-1 

(80 ng/ml, 30 min) significantly increased the number of filopodia and growth cône 

surface area. Expression of Acof N-WASP significantly reduced both the number of 

filopodia (B) and surface area (C) of commissural growth cônes treated with netrin-1 

compared to adenovirus espressing GFP. Notably, in panel C expression of Acof N-

WASP significantly reduced the growth cône surface area below that either in the 

présence of netrin-1 or control (n=15) (error bars, SEM). * indicates p < 0.05, ** 

indicates p < 0.005. (D) Treatment with netrin-1 promûtes the formation of a complex 

that includes Cdc42, Pakl and N-WASP. Proteins associated with GST-Cdc42 in 

homogenates of dissociated commissural neurons were isolated as shown in figure 8. The 

association of N-WASP and Pakl with activated Cdc42 was increased by netrin-1. 
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Chapter 4 

General Discussion 

The Rho family of Small GTPases and Cellular Motility 

Understanding how the Rho family of small GTPases régulâtes cell motility has 

made great progress in récent years. Many of thèse insights are now being applied to the 

complex processes regulating axon outgrowth and turning during neural development. 

Filopodia and lamellipodial protrusions are required for a cell or a growth cône to move 

and turn. Filopodia and lamellipodia probe and develop adhesive contacts with the 

extracellular matrix (reviewed by Wood & Martin, 2002), and also function to transmit 

extracellular signais from the ECM to the growth cône and the soma. Actin 

polymerization and depolymerization occurs at the edge of the growth cône, within the 

lamellipodium and the filopodia (reviewed by Takenawa & Miki, 2001; Wear et al, 

2000). Cdc42, Racl, and RhoA are members of the Rho family of small GTPases that 

play key rôles in regulating the organization of F-actin, and hâve been well studied in 

multiple cellular contexts. In fibroblasts, they are required for the formation of filopodia, 

lamellipodia, and stress fibers, respectively (reviewed by Hall, 1998). The action of thèse 

proteins is regulated by proteins that either accelerate or inhibit Rho GTPase activity: 

GEFs, GAPs, and GDIs (reviewed by Mueller, 1999). In neuronal growth cônes, several 
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reports hâve now documented the involvement of Rho GTPases downstream of repellent 

eues and their receptors during growth cône collapse (reviewed by Dickson, 2001). 

This thesis reports that netrin-1 induces the formation of filopodia and increases cell 

surface of HEK293T cells, NG108-15 cells, and cultured embryonic rat spinal 

commissural neuron growth cônes. Absence of DCC expression was first documented in 

the cell Unes, and then thèse cells were transfected to express DCC, and the phenotype 

produced by this expression was identified. This led to the démonstration of netrin-1-

induced, DCC dépendent filopodia formation and spreading of both the cell Unes. 

Subséquent analysis demonstrated that the small Rho GTPases Cdc42 and Racl are 

required for thèse effects of netrin-1, and that application of netrin-1 activâtes Cdc42 and 

Racl in both DCC expressing cell Unes and embryonic rat spinal commissural neurons. 

Investigation of the downstream targets of activated Cdc42 and Racl in the commissural 

neurons led to the findings that Pakl is activated by netrin-1. The activation of Pakl 

requires active Cdc42 and Racl. Furthermore, PI3 kinase and DCC were required for 

netrin-1 to activate Pakl. 

DCC Inactivation, Cancer, Apoptosis, and Motility 

Loss of DCC expression is thought to promote tumor progression. As its name 

indicates, DCC was first identified due to gène deletion in some forms of colon cancer 

(Fearon et al, 1990; Hedrick et al, 1994). DCC is expressed by goblet cells in the adult 

colon (Hedrick et al, 1994), but DCC function in this context is not known. In the 

embryonic nervous System, DCC plays an essential rôle in regulating the motility of some 

types of axonal growth cônes (Keino-Masu et al, 1996). DCC is required for thèse axons 
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to navigate to their appropriate targets (Keino-Masu et al, 1996). The findings described 

hère indicate that DCC is a powerful regulator of the organization of F-actin. 

Deregulation of a mechanism that controls the structure of the cytoskeleton could 

contribute to tumor progression. However, this interprétation générâtes a paradox. In the 

nervous System, DCC is required for cells and growth cônes to migrate correctly. In the 

adult colon, loss of DCC expression is associated with increased metastasis and tumor 

progression. In one case, DCC régulâtes growth cône movement, while in colon cancer 

DCC seems to prevent cell movement. An obvious possibility is that DCC plays an 

important rôle regulating the structure of the cytoskeleton in both cases, but that the 

différent outcomes for the cell resuit from the two différent cellular contexts. With this in 

mind, it will likely be important to identify what other receptors and ligands work with 

DCC to regulate cellular movement in différent contexts. 

Members of the UNC-5 homolog family of proteins form a netrin receptor complex 

with DCC, and évidence suggests that this interaction can switch the response to netrin-1 

from attraction to repulsion (Hong et al, 1999). Furthermore, in the embryonic nervous 

System, a cis interaction of DCC with the transmembrane protein Roundabout (robo) 

blocks the response of a growth cône to netrin-1 (Bagri et al, 2002; reviewed by Guthrie, 

2001). Such findings reinforce the conclusion that identifying the proteins that make up 

the netrin receptor complex is important for understanding DCC function. 

Overexpression of DCC in certain cell Unes causes cell death (Mehlan et al, 1998; 

Chen et al, 1999). Although the précise pathway through which DCC induces apoptosis 

is not clear, évidence has been presented that in the absence of netrin-1, DCC activâtes 

caspase-9 through caspase-3 and induces apoptosis by a cytochrome c and Apaf-1 

independent pathway (Forcet et al, 2001). Alternatively, the reorganization of the actin 
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cytoskeleton by DCC may also contribute to the induction of cell death in cells 

overexpressing DCC. Massive induction of actin polymerization is not compatible with 

cell division and prolifération. Recently several groups hâve described transgenic mice 

expressing constitutively active Racl and Cdc42 (reviewed by Bustelo, 2002; Gomez et 

al, 2000; Na et al., 1999). In mice expressing constitutively active Cdc42 (QL61), a large 

increase in apoptosis has been reported in thymus, peripheral lymph organs, spleen, and 

lymph nodes (Na et al, 1999). Because of the functional link found between DCC and 

Cdc42, it will be of interest to détermine if thèse mice hâve an altered probability of 

developing colon or other cancers. 

It has been shown that lack of appropriate cell-matrix interactions triggers a process 

called anoikis, in which the cells go through apoptosis (reviewed by Frisch & Screaton, 

2001). Anoikis is a major cellular process in the colonie epithelium, where there is a 

balance between cellular prolifération and apoptosis (reviewed by Shanmugathasan & 

Jothy, 2000). Anoikis has been implicated in integrin-dependent cell adhésion, in which 

apoptosis is induced due to failed integrin-matrix interactions (reviewed by Frisch & 

Ruoslahti, 1997). It has also been shown that Cdc42 and Racl regulate anoikis and 

protect MDCK cells and primary mouse fibroblasts from apoptosis (Coniglio et al, 2001; 

Zugasti et al, 2001). DCC may contribute to the activation of Cdc42 and Racl in 

differentiated goblet cells in the colon preventing them from apoptosis by anoikis. On the 

other hand, DCC expression may help the goblet cells maintain contact with extracellular 

matrices, thus restricting their migration. 

Signal Transduction Mechanisms Downstream of DCC and Netrin-1 
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Netrin-1 is a bi-functional cue with the potential to either attract or repel the same 

growth cône. This property of netrin-1 has been shown to be dépendent on the 

concentration of cAMP or Ca 2+ in the growth cône, and the expression of UNC-5 

homologs by the neuron (Ming et al, 1997; Song et al, 1997; Hong et al, 2000; 

reviewed by Song & Poo, 2001). In the context of high intracellular concentration of 

cAMP or Ca ~+, netrin-1 acts as an attractant, but in low cAMP or Ca"+, netrin-1 induces 

a repellent response (reviewed by Song & Poo, 2001). Recently, we hâve found that 

c AMP and protein kinase A activation is implicated in rapid translocation of cytoplasmic 

vesicles pre-packed with DCC to the plasma membrane (Bouchard et al, 2002; 

manuscript in préparation). Importantly, Cdc42 and Racl hâve been implicated in 

regulating the fusion of cytoplasmic vesicles with the plasma membrane (reviewed by 

Ridley, 2001). As such, activation of Cdc42 and Racl may contribute to the translocation 

of DCC to the plasma membrane triggered by PKA. 

Downstream effectors of Cdc42 and Racl in netrin-1/DCC signaling were identified 

in the spinal commissural neurons. Thèse studies revealed an important rôle for the Cdc42 

and Racl effector, the serine/threonine kinase Pakl, which is activated by netrin-1 in 

thèse neurons. Pakl is a key regulator of cell motility (reviewed by Bagrotia, 1999; 

Daniels & Bokoch, 1999). Activated Pakl has been shown to accumulate at sites of focal 

adhésion, throughout filopodia, and within the body and edges of lamellipodia in platelet-

derived growth factor stimulated NIH-3T3 cells. Activation of Pakl is dépendent on PI3 

kinase, and Src family kinases (Sells et al, 2000). Furthermore, it has been suggested that 

adhésion to extracellular matrix influences the effectiveness of coupling Racl to Pakl 

(reviewed by Symons, 2000). 
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Activated Pakl binds Nckl (Bokoch et al, 1996; reviewed by Li et al, 2001). We 

hâve previously shown that Nckl is expressed by embryonic spinal commissural neurons 

and that Nckl binds intracellular DCC. Thèse results suggest that the interaction of Pakl 

with Nckl may trigger signaling pathways downstream of DCC. Nckl is known to bind 

activated N-WASP (Rohatgi et al, 2001). N-WASP, and the associated Arp 2/3 complex, 

is a main effector of F-actin polymerization in filopodia (reviewed by Mullins, 2000). A 

likely scénario is that Cdc42, activated by netrin-1, binds N-WASP and facilitâtes the 

Nckl /N-WASP interaction. Chapter 3 provided évidence that N-WASP is présent 

throughout the axons and growth cônes of spinal commissural neurons, and localized at 

the tips of filopodia. Furthermore, expression of a dominant négative form of N-WASP 

blocked the netrin-1 induced morphological changes in the growth cône, indicating that 

this protein plays a functional rôle in commissural neuron growth cônes. Further studies 

will be required to détermine if the N-WASP associated Arp 2/3 complex is activated by 

netrin-1 and plays a rôle in commissural axon turning. 

A major event underlying Pakl function is that Pakl translocates to the plasma 

membrane when activated. Importantly, this translocation to the plasma membrane 

involves binding to Nckl. Importantly, targeting Pakl to the plasma membrane induces 

Pakl activation and neurite outgrowth (Daniels et al, 1999; Lu & Mayer, 1999). The 

findings reported hère describe an increase in activated Pakl immunoreactivity in the 

growth cône of spinal commissural neurons when exposed to netrin-1. Pakl directly 

régulâtes components of the cellular machiner/ that nucleate F-actin. Thèse include LIM 

kinase, a kinase that régulâtes cofilin, and myosin light chain kinase (MLCK). MLCK 

subsequently phosphorylates the myosin light chain (MLC). The possibility that thèse 

proteins may be regulated by Pakl, downstream of netrin-1, remains to be demonstrated. 
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Evidence has been provided that netrin-1 activâtes the MAP kinase pathway by 

activating MEK1/2, followed by ERK1/2 (Forcet et al, 2001). Thèse authors suggest that 

MAP kinase activation plays a key rôle mediating the directional response of growth 

cônes to netrin-1. Interestingly, the effects of PKA activation on axon extension, 

described above, could act through PKA regulating ERK activity. However, the exact 

contribution of PKA in neurons will require additional analysis as PKA has been argued 

to activate or inhibit ERK. depending on the cell types (reviewed by Stork & Schmitt, 

2002). The serine/threonine kinase Pakl also activâtes ERK in some contexts (Coles & 

Shaw, 2002; Eblen et al, 2002), suggesting that Pakl may be upstream of the netrin-1 

dépendent MAP kinase activation described by Forcet et al. (2001). 

The findings presented provide évidence that PI3K is required for netrin-1 to activate 

Cdc42, Racl, and Pakl. Rôles for PI3 kinase in cell migration, chemoattraction, and 

chemotaxis hâve been characterized (reviewed by Wu et al, 2002; Stephens et al, 2002). 

PI3K plays a key rôle in pathways involving the small Rho GTPases (reviewed by 

Fruman et al, 1998; Heldin et al, 1998; Jimenez et al, 2000). Importantly, PI3K is part 

of the signal transduction machinery downstream of receptor tyrosine kinases such as 

Trks (reviewed by Kaplan, 2002). In this pathway, PI3K is downstream of Ras and 

upstream of Racl activation. As discussed in chapter 3, PI3K has also been shown to act 

downstream of Cdc42 and Racl (reviewed by Stephens et al, 2002). Furthermore, 

association of Pakl with PI3K induces actin phosphorylation and reorganization 

(Papakonstanti & Stournaras, 2002). This thesis reports that Akt, an important effector 

protein phosphorylated by PI3K, is phosphorylated following application of netrin-1. 

However increased phosphorylation of Akt was not observed at the earliest time points 

after adding netrin-1, but only first detected after 30 minutes. This suggests that although 
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active PI3K is required for activation of Cdc42, Racl, and Pakl, activation of PI3K 

appears to be a later event in the cascade of events triggered by application of netrin-1. 

The précise contribution of PI3K to netrin-1 signal transduction, upstream or downstream 

of Cdc42 and Racl, remains to be determined. 

Evidence that PI3K régulâtes the activity of certain GEF proteins (Innocenti et al, 

2003; Fukuda et al, 2002), identifies a possible contribution of PI3K to netrin-l signaling 

upstream of Cdc42. Based on its expression in commissural neurons, we hâve suggested 

that (3PIX may function as a GEF downstream of netrin-1, activating Cdc42. PI3K binds 

(3PIX and the complex activâtes Cdc42 and Racl (Yoshii et al., 1999). The observation 

that inhibitors of PI3K block the activation of Cdc42, Racl, and Pakl, by netrin-1 could 

be due to inhibition of the activation of a GEF, such as (3PIX, downstream of DCC. 

Furthermore, PPIX is regulated by phosphorylation and the cascade of MEK>ERK>Pak2 

has been shown to be upstream of (3PIX activation (Shin et al, 2002). This suggests that 

the activation of MEK by netrin-1 (Forcet et al, 2001) described above, could begin a 

cascade that leads from MEK>ERK>Pak2>(3PIX>Cdc42>Racl>Pakl, followed by 

activation of the downstream effectors that lead to the reorganization of F-actin and 

changes in the morphology of the growth cône. However, the précise ordering of this 

proposed cascade of activation will require additional study. 

Model for Netrin-1-Induced DCC Dépendent Growth Cône Spreading 

On the basis of the findings presented hère, the following model of the signal 

transduction events underlying netrin-1 induced growth cône spreading is presented. Prior 

to the exposure of a growth cône to netrin-1 protein, a constitutive complex of DCC and 
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Nckl provides the backbone for a séries of molecular events (Fig. 1A). Netrin-1/DCC 

binding causes activation of a GEF. possibly (3PIX. The activated GEF is able to catalyze 

GDP-bound Cdc42 to its active GTP-bound form, which in turn promûtes activation of 

Racl, and the binding of both Cdc42 and Racl to Pakl. This triggers Pakl activation. 

Pakl bound to the second SH3 domain of Nckl exposes its binding domain to Cdc42-

induced activated N-WASP (Fig. 1B). Activated N-WASP activâtes the Arp 2/3 complex, 

leading to actin nucleation and polymerization. 

Incorporating the évidence that netrin-1 activâtes MEK 1/2 and causes ERK 1/2 

phosphorylation (Forcet et al, 2001) suggests that activation of Pak2 by ERK1/2, could 

be the upstream event that activâtes (3PIX. Interestingly, Pakl has been shown to activate 

MEK1/2 (Coles & Show, 2002; Eblen et al, 2002), suggesting that activation in this 

pathway may loop back on itself, perhaps promoting the maintenance of a complex of 

proteins that signais the response to netrin-1 (Fig. 1C). 

Model for the Signal Transduction Mechanisms Underlying Netrin-1-Induced, DCC 

Dépendent Growth Cône Turning 

Polymerization of F-actin occurs at the tips of filopodia (Mallavarapu, & Mitchison, 

1999). The findings presented hère indicated that DCC is localized at the tips of filopodia 

of commissural neuron axonal growth cônes, an appropriate location to influence 

filopodial extension. The experiments described investigated the response of neuronal 

growth cônes to application of a uniform concentration of netrin-1, but they do not 

directly address netrin-1 mediated growth cône turning. Contact of a single filopodium 

with an appropriate target is sufficient to cause a growth cône to turn (O'Connor, et al, 
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1990). Treatment with a uniform concentration of netrin-1 increases the number of 

commissural growth cône filopodia. If continuing the studies reported hère, it would be of 

interest to détermine if application of a gradient of netrin-1 to a growth cône causes an 

asymmetric increase in the number of filopodia. Similarly, determining if a gradient of 

netrin-1 produced an asymmetric distribution of activated Cdc42, Racl, and Pakl within 

the growth cône would be a valuable extension of the results. This might be accomplished 

using either a substrate bound graded distribution of netrin-1, or a gradient of soluble 

netrin-1 puffed from a pipette across a neuronal growth cône. 

On the basis of the results presented, the following spéculative model for the signal 

transduction events that induce a growth cône to turn in response to netrin-1 is proposed. 

A gradient of netrin-1 protein may resuit in the formation of an asymmetric distribution of 

DCC across the growth cône (Fig. 2) enriched at the tips of filopodia and the edges of 

lamellipodia (Fig. 2-a and Fig. 2-b). Stabilization of DCC on the growth cône surface, via 

an adhesive interaction with extracellular netrin-1 may contribute to generating localized 

enrichments of DCC. Additionally, insertion of DCC protein from secretory vesicles into 

the plasma membrane may also contribute to increasing the local concentration of DCC. 

The graded distribution of DCC bound to netrin-1 across the plasma membrane of the 

growth cône would then be predicted to produce an asymmetric activation of signal 

transduction mechanisms that lead to the reorganization of F-actin (Fig. 1B). As such, the 

présence of a netrin-1 gradient may resuit in greater polymerization of F-actin on one side 

of the growth cône (Fig 2-c). The outcome of this would be increased extension of 

filopodia, lamellipodia and membrane ruffles on one side of the growth cône, generating 

a leading edge that moves up the netrin-1 gradient. 

96 



While the results presented hère now allow such a model to be proposed, additional 

analysis will be required to test the model, and identify the complète mechanism 

underlying the ability of netrin-1 to turn a growth cône. 
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Figure 1. Model for netrin-1 signal transduction: intracellular domain of DCC 

recruits a complex of signaling proteins. 

Illustration of our working model of the molecular mechanisms that act downstream 

of netrin-1/DCC signaling. (A) Nckl is believed to bind to DCC constitutively via its 1 st 

and 3 r SH3 domain. (B) Activation of a GEF leads to the activation of Cdc42 and Racl, 

and this leads to activation of Pakl. Hère we hypothesize that the GEF may be (3PIX. 

Activated Cdc42 is also able to activate N-WASP, which together with the Arp2/3 

complex promotes actin nucleation. Panel C incorporâtes findings indicating that netrin-1 

activâtes MEK, which then activâtes ERK. Hère we propose that a cascade leading from 

MEK>ERK>Pak2 may regulate the activtion of (3PIX. 
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Figure 2. A gradient of netrin-1 protein may direct the organization of an 

asymmetric distribution of DCC and the cellular machinery that régulâtes actin. 

Initial contact of a gradient of netrin-1 protein with the tips of filopodia projecting 

from a neuronal growth cône (a) recruits and stabilizes DCC protein on one side of the 

growth cône. Netrin-1 signaling through DCC then activâtes actin polymerization leading 

to the asymmetrical extension of the actin cytoskeleton, including at the tips of filopodia 

and lamellipodial membrane extension (b and c). The directed production of actin based 

membrane extensions leads to directional movement of a growth cône. 
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