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Abstract

UNC-6/Netrin Promotes Neuronal Polarization

Carolyn Adler

To build a functional nervous system, neurons must diversify properly, then

migrate to their proper locations, establish polarity, extend axons and dendrites in the

right directions, and synapse onto specific neuronal targets. When they are born, neurons

have an unremarkable shape; as they develop, they acquire complex morphologies that

reflect their functions.

Here, genetics and microscopy were used to understand neuronal development in

Caenorhabditis elegans. We investigated axon formation in the developing HSN

motorneuron of C. elegans. The secreted guidance factor UNC-6/netrin and its receptor

UNC-40/DCC induce polarized growth of the immature HSN neuron and restrict neurite

formation to its ventral surface. Thus netrin defines the direction of polarized neurite

outgrowth even before the formation of the axon. Two cytoplasmic proteins, UNC

34/Enabled and MIG-10/Lamellopodin, act as netrin effectors for polarization and ventral

guidance. As the HSN axon forms, the PH-domain protein MIG-10 is transiently

localized to the ventral side of HSN in a netrin-dependent manner. Neurons lacking

either AGE-1/PI3K or DAF-18/PTEN fail to properly localize MIG-10, suggesting that

localized lipid signaling downstream of netrin mediates an early step of axon formation.

|
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Chapter 1

Introduction



The proper wiring of the nervous system is a monumental problem. The cells that

compose the nervous system, called neurons, compose circuits that transmit information

from the environment to the motor neurons, which control muscle movements and

behavior. Neurons extend fine processes from their cell bodies, called axons and

dendrites. Dendrites receive information from the environment, and axons transmit

information to other neurons. Axons and dendrites can extend up to a meter from the

neuronal cell body, and function to relay information within the neural circuit. Even

organisms with extremely simple nervous systems need to organize their neurons

properly, in order to execute simple behaviors.

The nervous system is subject to multiple layers of organization, from the

positioning of individual cell bodies, to the guidance of axons and dendrites to their

proper synaptic targets. Although we are beginning to understand some of the molecules

required for axon guidance and synapse formation, many unanswered questions remain

about fundamental aspects of neuronal cell biology.

This thesis will describe my attempts to understand some of the anatomical and

molecular factors controlling neural development in vivo. The introduction will focus first

on our current understanding of the known mechanisms of cell polarity establishment in

various cell types. Then I will give an introduction to the netrin pathway and our current

understanding of the molecules that function in netrin signal transduction.



Part I: Cell Polarization

Mechanisms of establishing cell polarity

Almost all cells exhibit some form of polarity, in which the ends of a cell are

characterized by different subcellular structures or distinct proteins that are localized to

specific domains within the cell. Cell polarity occurs even in simple single-celled

prokaryotes. For example, the bacterium Caulobacter crescentus divides asymmetrically

to produce two functionally distinct daughter cells called the swarmer and the stalk cell;

eukaryotes such as the budding yeast Saccharomyces cerevisiae concentrate cellular

growth and membrane addition to a single pole prior to dividing.

Polarized cells are also a common feature of multicellular organisms, and can be

critical for the function of many tissues. Classical examples of polarized cells are gut

epithelial cells, in which different parts of the cell carry out distinct functions. In the part

of the cell facing the lumen of the gut, the apical membrane is equipped to absorb

nutrients by endocytosis; the basal membrane contains the machinery to transport

nutrients into the rest of the organism (Mostov, 2003). Likewise, neurons, which are

another highly polarized cell type, must relay information from one cell to another and

therefore have distinct domains dedicated to receiving information (dendrites) and

sending information (axons).

Cell polarization is manifested both in the segregation of transmembrane proteins

at the cell surface, in membrane components, and in the organization of the underlying

cytoskeleton. The fission yeast Schizosaccharomyces pombe is polarized such that

membrane addition and new growth are concentrated on one end of the cell. Actin

filaments and microtubules orient along the longitudinal axis of the cell and proteins that



regulate their behavior cluster at the ends of the cell. As a result, the ends of the cell are

morphologically distinct, characterized by actin patches and localization of proteins such

as the formin For?p and the Arp2/3 complex (Nelson, 2003). Similarly in neurons, the

structure of the underlying microtubule cytoskeleton is different in axons and dendrites

(Horton and Ehlers, 2003). Microtubules in axons are all oriented in the same direction,

with their plus ends directed toward the distal tip of the axon. In dendrites, the orientation

is mixed, where half of the microtubules have their plus ends distally-oriented, and the

other half are proximally-oriented (Baas et al., 1989).

Asymmetric cell divisions are a common feature during development, required to

generate the vast diversity of cell types that constitute the organism. The establishment of

asymmetry of individual cell types must be coordinated with the overall development of

the organism. The orientation of asymmetric cell divisions in Drosophila neuroblasts is

induced by contact with the ventral neuroectoderm (Doe and Bowerman, 2001). These

neuroblasts divide asymmetrically to produce a small ganglion mother cell (GMC) and a

large neuroblast.

Asymmetry is conferred onto unpolarized C. elegans oocytes during fertilization.

The sperm entry point specifies the posterior pole and the anterior-posterior axis of the

single-celled zygote through an unknown mechanism (Goldstein and Hird, 1996).

Directional cytoplasmic flow toward the sperm pronucleus and cortical actin contractions

in the posterior of the embryo are the first manifestation of polarity. Both astral

microtubules from the sperm centrosome, and actin polymerization are required for

proper polarity establishment (reviewed in(Pellettieri and Seydoux, 2002).



In order to segregate cell fate determinants that generate diverse cell types during

development, the first few cell divisions of C. elegans are asymmetric. Asymmetric

localization of the PAR proteins can be observed in the single-cell zygote. These genes

were identified in genetic screens and describe a pathway for specifying the A-P axis in

the embryo. Following sperm entry, the PAR proteins undergo dramatic rearrangements.

The serine/threonine kinase PAR-1 and the RING-finger-containing protein PAR-2

localize to the posterior cortex (Guo and Kemphues, 1995; Kemphues et al., 1988). PAR

3, PAR-6, and PKC-3 localize to the anterior cortex (Etemad-Moghadam et al., 1995;

Hung and Kemphues, 1999; Tabuse et al., 1998). The localization of the PAR-3/PAR

6/PKC-3 complex to the anterior depends on the presence of PAR-2 in the posterior, and

vice versa, indicating that these proteins establish antagonistic interactions with each

other to form anterior and posterior domains. Loss of any one of these proteins leads to

symmetric cell divisions and embryonic lethality.

The PAR-3/PAR-6/PKC-3 complex is a conserved regulator of cell polarity in a

variety of organisms. PAR-6 is a single PDZ-containing protein, PAR-3 is a homolog of

the multi-PDZ (PSD-95/Discs large/ZO-1) domain protein Bazooka (Baz) and PKC-3 is

an atypical protein kinase C (aPKC). These three proteins physically interact, and as in C.

elegans, are localized subcellularly. In mammalian epithelial cells, this complex localizes

to apical tight junctions (Joberty et al., 2000; Johansson et al., 2000; Lin et al., 2000). In

Drosophila, during each asymmetric cell division, the Baz/Par-6/aPKC complex must

establish asymmetric localization (Doe and Bowerman, 2001). The complex interacts

with the Rho-family GTPases Cdc42 and Rac1 and regulates their ability to promote



actin polymerization, providing a link between polarity and the actin cytoskeleton

(Joberty et al., 2000).

Asymmetry induced by chemotaxis

Cell asymmetry can be induced by sensing of extracellular molecules in the

environment. Single motile cells, such as the freely moving amoebae of Dictyostelium

discoideum that aggregate in response to cAMP, and neutrophils that move toward injury

sites in the bloodstream, both migrate toward chemoattractant molecules sensed by

receptors on their surface. In order to migrate efficiently up a gradient, these cells must

establish and maintain a single leading edge that is the site of local protrusion and

exploration, and a trailing edge that helps the cell translocate across a surface. The

leading edge is characterized by a high level of actin polymerization that is required for

motility. Because these cells can chemotax up very shallow gradients, they must be able

to greatly amplify small differences in signals from the front to the back to migrate

efficiently (Parent, 2004). The mechanisms regulating the sensing of gradients, the signal

transduction downstream of sensation, and the machinery for assembling an active

leading edge and a trailing edge are understood in Dictyostelium and neutrophils.

The initial sensing of chemoattractant gradients in these cells is achieved by

binding of ligands to G-protein coupled receptors (GPCRs) on the cell surface. Ligand

binding leads to the dissociation of heterotrimeric G proteins and subsequent activation of

downstream signaling events. Eventually signaling must be restricted to allow only a

single leading edge to form, so considerable interest has focused on asking which

molecules within the cell become localized to the leading edge after a chemotactic signal



is sensed. In both Dictyostelium and neutrophils, however, the G-protein coupled

receptors are uniformly distributed on the membrane (Servant et al., 1999; Xiao et al.,

1997). The GBy subunits that dissociate following receptor activation show some

enrichment at the leading edge but do not form a sufficiently steep gradient to restrict

leading edge formation (Jin et al., 2000).

Observation of the localization of PH domains fused to GFP following exposure

to chemoattractant demonstrated that in Dictyostelium and neutrophils, PH domains,

which are normally cytosolic, rapidly and transiently localize to the cell cortex facing the

highest concentration of chemoattractant (Funamoto et al., 2001; Meili et al., 1999;

Parent et al., 1998; Servant et al., 2000). In Dictyostelium, PH domains from CRAC

(cytosolic activator of adenlyl cyclase), PhdA, or Akt localize to the leading edge, and in

neutrophils, the PH domain from Akt translocates to the membrane following

stimulation. This localization occurs upstream of actin polymerization (Servant et al.,

2000). Thus, the rapid generation or clustering of specific phospholipids is thought to be

an early component of the polarized response to chemoattractants.

The lipid substrates for the PH domains from Akt (in neutrophils) and CRAC (in

Dictyostelium) are PtdIns(3,4)P, and PtdIns(3,4,5)P, which are both products of the

PtdIns-3 kinase (PI3K). These lipids are degraded by the PtdIns-3 phosphatase, PTEN.

Restriction of PH domain localization is mediated by the coordinated activity of PI3K

and PTEN; PI3K localizes to the leading edge immediately following exposure to a

chemoattractant, and PTEN localizes around the rest of the cell periphery (Funamoto et

al., 2002; Iijima and Devreotes, 2002). Together, these two enzymes create a restricted

domain of PIP,■ PIP-containing membranes at the leading edge.



In order for a cell to move up a gradient, actin polymerization must be confined to

the leading edge. This pathway is best understood in neutrophils, where ligand binding to

the receptor induces activation of the Rho-family GTPases Cdc42 and Rac, which are

well-characterized regulators of cell motility (Hall and Nobes, 2000). These Rho

GTPases bind to activators of the Arp2/3 complex, including N-WASP (Wiscott-Aldrich

syndrome protein), SCAR (suppressor of cAR), and WAVE (WASP family verprolin

homologous proteins) (Welch and Mullins, 2002). Binding of RhoGTPases to N-WASP,

SCAR and WAVE stimulates nucleation of actin filaments by the Arp2/3 complex. Rho

family GTPases are activated by guanine-nucleotide exchange factors (GEFs). In

neutrophils, a recently identified GEF called P-Rex contains a PH domain and is

activated downstream of the heterotrimeric G-proteins (Hill et al., 2005; Welch et al.,

2002). P-Rex is a plausible link from the G protein signaling induced by chemoattractants

to lipid-regulated actin motility. G proteins also activate other proteins known to

influence actin rearrangements, such as the PAK kinase (Parent, 2004).

Mechanisms of neuronal polarity establishment in vitro

Neurons may represent the most extremely specialized of all of these polarized

cell types. Neurons extend processes over long distances, and polarity must be

established and maintained throughout length of the axons and dendrites. Axon and

dendrite function depends on specific proteins to be sorted into distinct compartments.

For example, dendrites of sensory neurons must contain proteins required for detecting

stimuli such as G-protein coupled receptors and all of the necessary downstream signal



transduction machinery; axons, on the other hand, must have presynaptic components

essential for release of synaptic vesicles.

Because the establishment of neuronal polarity occurs extremely early during

development, it has typically been difficult to study in vivo (da Silva and Dotti, 2002). As

a result, much of our understanding of this process has relied on the development of

neuronal polarity in rat hippocampal neurons in vitro (Dotti et al., 1988). In culture, these

neurons develop a single axon and multiple dendrites, which extend from random

positions around the periphery of the cell body. These axons and dendrites are

distinguished by differences in their cytoskeletons, variations in membrane trafficking,

and presence of specific protein markers (Bradke and Dotti, 1997; Craig and Banker,

1994), and thus provide an experimental paradigm for understanding the cell-intrinsic

establishment of neuronal polarity. This system has uncovered many factors that are

involved in the formation of axons and dendrites.

It is important to note that during the dissociation of hippocampal neurons used in

these in vitro experiments, existing axons and dendrites that had already formed in vivo

are ripped off of the cell body. While it has been shown that hippocampal neurons can

reset their polarity following axon-severing (Dotti and Banker, 1987), these kinds of

experiments may involve regeneration of polarity rather than the creation of de novo

polarity. Therefore, they may not be an entirely accurate representation of polarity

establishment in vivo. Additionally, this system has the limitation of lacking the

endogenous extrinsic and anatomical factors that may contribute to the organization of

polarity in vivo.



The underlying cytoskeletons of the axon and dendrites are known to be different

(Baas et al., 1989; Craig and Banker, 1994), and therefore the global organization of actin

and microtubules could be involved in axon specification. Early in the growth of cultured

hippocampal neurons, the neurite that is going to become the axon suddenly exhibits

rapid extension (Dotti et al., 1988) and bears a large growth cone at its tip. Rapid growth

is associated with a high level of microtubule addition and a relatively low level of actin

polymerization. Depolymerization of actin filaments by exposing neurons to cytochalasin

D can cause multiple axons to form (Bradke and Dotti, 1999). Thus, the altered

cytoskeletal dynamics of the future axon (as compared to the future dendrites) is thought

to provide a more permissive environment for microtubule invasion, contributing to the

specification of one process as the future axon.

Microtubules play a critical role in differentiation and neurite formation.

Microtubule-associated proteins, which bind to microtubules and can regulate their

dynamics, influence the proper formation of neurites in vitro, presumably by regulating

aspects of microtubule assembly or stability (Dehmelt and Halpain, 2004; Dehmelt et al.,

2003; Gonzalez-Billault et al., 2002). Dorsal root ganglion neurons lacking MAP1B have

drastically shortened axons and are slow to initiate axonogenesis (Gonzalez-Billault et

al., 2002). Overexpression of MAP2C results in rapid formation of neurites in Neuro-2a

cells (Dehmelt et al., 2003). Another microtubule regulatory protein, CRMP-2, a member

of the CRMP/TOAD/Ulip/DRP family, is normally enriched in the axon in cultured

hippocampal neurons (Inagaki et al., 2001). When overexpressed in these cells, CRMP-2

causes an increase in the number of axons. CRMP-2 binds to dimers of tubulin subunits,

and promotes assembly of microtubules (Fukata et al., 2002). The kinase GSK

10



33 phosphorylates and inactivates CRMP-2, resulting in the formation of extra

axons (Yoshimura et al., 2005). Thus, local regulation of microtubule dynamics may be

sufficient to form axons.

A recent report demonstrates that endosomes, Golgi, and centrosomes localize

near the position of the first neurites to emerge from hippocampal neurons following

mitosis (de Anda et al., 2005). Centrosomes function as microtubule organizing centers,

and thus might locally regulate microtubule dynamics to initiate neurite formation. It is

unknown whether this is true for other types of neurons, or how this organization is

established.

Rho family GTPases are regulators of cytoskeletal dynamics (Cau and Hall, 2005;

Hall and Nobes, 2000). In cultured neurons as well as neurons in vivo, perturbing the

levels of Rho, Rac, and Cdc42 lead to aberrations in neurite formation, axonogenesis, and

axon specification (Da Silva et al., 2003; Ruchhoeft et al., 1999). Because this family of

proteins, especially Rac, can alter the behavior of both microtubules and actin filaments,

these proteins could be affecting multiple aspects of polarity establishment.

One potential source of polarity distinguishing axons and dendrites is a landmark

on the membrane, similar to the lipid asymmetry in neutrophils and Dictyostelium.

Investigation of lipids during the process of polarity establishment has suggested the

involvement of specific lipids in axon specification. A GFP-tagged PH domain from Akt

(the same reporter used in neutrophils) localizes specifically to the tip of the developing

axon; pharmacological inhibition of PI-3 kinase, which generates the substrate for this

PH domain, perturbed both Akt-GFP localization and proper axon specification (Menager

et al., 2004; Shi et al., 2003). Also, the ganglioside sialidase localizes to the future axon

11



(Da Silva et al., 2005). Together, these results suggest that lipids on the membrane can

either influence or respond to polarity establishment in vitro.

In cultured hippocampal neurons, the conserved cell polarity proteins Par3 and

Par6 both localize specifically to the axon (Shi et al., 2003); overexpression leads to

perturbation of proper axon-dendrite specification, suggesting a role for this complex in

neuronal polarity as well. The microtubule-regulating protein APC and the protein kinase

GSK-33 have been shown to participate in targeting of Par3 to the axon and in the

polarity decision (Jiang et al., 2005; Shi et al., 2004). However, genetic analysis in

Drosophila has failed to support any role for the Par3 complex in the development of

axons in vivo (Rolls and Doe, 2004). Thus, different protein components may be capable

of initiating or regulating polarity depending on the neuronal cell type, although all

presumably converge on a common pathway for polarization.

Other cell-intrinsic signaling molecules regulate polarization as well. The SAD-1

kinase, originally identified in C. elegans as a regulator of synapse formation and

localized axon-dendrite protein trafficking (Crump et al., 2001), is required for neuronal

polarization in cortical neurons in vivo and hippocampal neurons in vitro (Kishi et al.,

2005). However, the signaling molecules that regulate SAD-1 activity, and targets of

SAD-1 remain to be identified.

Neuronal polarization in vivo

Axon formation in vivo has only been observed in a few cases. In contrast with

the situation in cultured hippocampal neurons, neurons in vivo appear to form axons early

º

º
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and dendrites at a much later time. Thus the first mark of cell polarity is strictly defined

by the axon exit point from the cell body.

Early experiments in the grasshopper Schistocerca americana described some of

the events that occur prior to growth cone formation. Growth cones in the Til neuron

arise in a stereotypical orientation and at stereotypical times, allowing the observation of

extremely early events in development. Labeling of actin, microtubules, centrosomes and

Golgi in the young Til neuron showed that the axis of its final cell division determined

the orientation of these structures (Bentley and Toroian-Raymond, 1989; Lefcort and

Bentley, 1989). Additionally, the first filopodia protrude from the Til cell body primarily

in the same direction as the growth cone will eventually grow. In this case, an intrinsic

cue specified by the preceding division appears to define the future location of the axon.

In vertebrates, retinal ganglion cells (RGCs), which are the first neurons born in

the retina, always extend their single axons toward the optic nerve head. Silver staining of

young chick and quail retinas showed that even before these neurons had a recognizable

growth cone, separated from the cell body by a slender neurite shaft, their direction of

growth was oriented toward the optic nerve head (Halfter et al., 1985). Labeling of

individual RGCs with fluorescent dyes in Xenopus also showed that the initial orientation

of growth followed a relatively stereotypical pattern (Holt, 1989). It is not thought that

RGC cell divisions are oriented in the radial pattern, so the mechanism of RGC axon

growth is probably under external control. These experiments suggest the existence of

patterning cues that regulate the site of axon emergence from the cell body, but the nature

of those cues is unknown.

13



Part II: The Netrin Pathway

Growth cones guide axons to their proper targets

Developing axons are guided along their trajectories by structures called growth

cones. These dynamic structures were initially observed by Santiago Ramon y Cajal by

Golgi staining of animal brains during development (Cajal, 1909), and have been studied

in many contexts, both in culture and in vivo (Sretavan and Reichardt, 1993). Isolated

growth cones severed from the cell body can still respond to guidance cues, so the

necessary cytoskeletal and regulatory proteins for motility must localize to the growth

cone. Because growth cones are necessary for proper neuronal development, they can be

viewed as the earliest manifestation of a polarized structure in a developing neuron.

Growth cone motility is driven by regulation of the actin and microtubule

cytoskeletons (Korey and Van Vactor, 2000; Tanaka and Sabry, 1995). The actin

cytoskeleton in the growth cone falls into two categories: filopodia, which are composed

of long, bundled actin filaments, and lamellipodia, which consist of networks of

orthogonally-linked actin filaments. Because actin structures are spread around the distal

region of the growth cone, regulation of lamellipodial and filopodial dynamics are

thought to mediate the cellular response downstream of the extracellular axon guidance

cues. Unlike motility in migrating cells, which depends primarily upon force generation

by lamellipodia at the leading edge driven by the Arp2/3 complex (Welch and Mullins,

2002), neuronal morphology and migration can occur independently of the Arp2/3

complex (Strasser et al., 2004).

14



A few microtubules also penetrate into the distal portions of the growth cone

(Tanaka et al., 1995). They selectively invade certain parts of the growth cone, guided by

filopodia (Schaefer et al., 2002; Tanaka et al., 1995) and are thought to stabilize local

cytoskeletal structures. Microtubule invasion possibly provides the force to stabilize

growth cone turning, and solidifies contacts with other cells or targets (Lin and Forscher,

1993). An additional layer of regulation may come from proteins that link the actin and

microtubule cytoskeletons (Dent and Kalil, 2001).

The extracellular axon guidance molecule UNC-6/netrin

The founding member of the Netrin family of secreted molecules was first

identified in C. elegans and is called unc-6 (Hedgecock et al., 1990; Ishii et al., 1992).

unc-6 mutants have defects in the dorsal and ventral guidance of axons and migration of

cells throughout the animal. Netrin-1 was independently purified in a biochemical screen

for molecules expressed in the floor plate of chick spinal cords that could elicit axon

outgrowth from the dorsal spinal cord (Serafini et al., 1994). In mice, netrin-1 is secreted

by cells in the floor plate (Kennedy et al., 1994), and animals lacking netrin-1 fail to

extend dorsal commissural axons fully toward the floor plate (Serafini et al., 1996).

Isolated growth cones in culture exposed to netrin-1 emanating from a pipet will turn

toward the pipet (de la Torre et al., 1997). Thus, netrin-1, which is thought to form

gradients with the highest concentration at the ventral midline (Wadsworth et al., 1996),

can function as a chemoattractant for some cells and axons. Other cells are repelled by

netrin (see below).
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The UNC-40/DCC family of receptors mediates the attractive response through

direct binding to netrin (Chan et al., 1996; Fazeli et al., 1997; Keino-Masu et al., 1996;

Stein et al., 2001). In C. elegans, many axons grow toward the ventral midline; axons in

mutant animals lacking either unc-6 or unc-40 fail to grow ventrally (Hedgecock et al.,

1990). In contrast, most dorsal guidance events away from netrin can still occur in the

absence of UNC-40. The phenotype of DCC knockout mice in axon guidance of the

dorsal commissural neurons is similar to that of netrin-1 knockout mice (Fazeli et al.,

1997). Application of a DCC-function-blocking antibody to cultured commissural

neurons inhibits their ability to respond to netrin-1 (Keino-Masu et al., 1996), and DCC

and netrin-1 bind directly to each other (Stein et al., 2001), indicating that netrin-1 and

DCC form a ligand-receptor pair.

Netrins can also bind to another class of receptors, the UNC-5 family (Leonardo

et al., 1997; Leung-Hagesteijn et al., 1992). Neurons expressing UNC-5 are usually

repelled from the source of netrin. For example, in C. elegans, the UNC-5-expressing DD

and VD motorneurons are repelled from the source of UNC-6 (Hedgecock et al., 1990).

In mammals, the UNC-5 homolog RCM guides cerebellar cells away from a netrin source

(Ackerman et al., 1997). In C. elegans, misexpression of UNC-5 in neurons that normally

grow toward netrin converts their growth away from the midline (Hamelin et al., 1993).

Thus UNC-5 is sufficient to specify repulsion from netrin.

Netrin signaling: cytoskeletal regulation

Because netrin signaling through UNC-40/DCC elicits growth cone turning, the

signaling pathways downstream of the receptor must link to cytoskeletal dynamics.
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However, the intracellular domain of UNC-40/DCC does not contain canonical signaling

motifs that link it to known signaling pathways, which has made the elucidation of its

effectors more challenging. The direct mechanisms by which DCC signals are still poorly

understood, but several candidates downstream of the receptor have been identified.

The most comprehensive description of signaling downstream of UNC-40/DCC

has resulted from the analysis of a gain-of-function receptor in C. elegans (Gitai et al.,

2003). Expression of an UNC-40 fragment with a myristoylated intracellular domain and

no extracellular domain leads to unregulated downstream signaling, causing excessive

axon outgrowth. Mutations in genes functioning downstream of UNC-40 can suppress

this phenotype. Analysis of candidate genes identified two parallel pathways downstream

of UNC-40. One pathway includes the Rac GTPase CED-10, which functions with the

actin-binding protein UNC-115. The other pathway includes the actin regulatory protein

UNC-34/Enabled.

Rho family GTPases function downstream of many axon guidance receptors,

including Robo and DCC (Yuan et al., 2003). In HEK293 cells, activation of DCC leads

to filopodia formation. This effect can be blocked by overexpression of dominant

negative forms of Cdc42 and Rac1 (Shekarabi and Kennedy, 2002). Furthermore, in

explant experiments investigating axon outgrowth and nuclear migration, inhibition of

Rac1, Cdc42, and Rho blocked the response to netrin (Causeret et al., 2004). The adaptor

protein Dock/Nck-1 interacts with DCC directly via its SH3 domains (Li et al., 2002) and

provides an intriguing connection to other cytoskeletal regulators such as Rac GTPases

and PAK (Li et al., 2001).

-º{{
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UNC-34/Enabled is a well-characterized regulator of the actin cytoskeleton

(Krause et al., 2003). The first member of this conserved protein family, Enabled, was

discovered in Drosophila as a suppressor of the mutant phenotype cause by loss of

function of the tyrosine kinase Abl (Gertler et al., 1995). Enabled mutants were then

found to have axon guidance defects on their own (Lanier et al., 1999), and numerous

other studies have linked the function of Ena to axon guidance in Drosophila (Bashaw et

al., 2000; Wills et al., 1999). The C. elegans Ena homolog unc-34 functions downstream

of many axon guidance molecules including Slit and both attractive and repulsive netrin

signals (Colavita and Culotti, 1998; Gitai et al., 2003; Yu et al., 2002). The mammalian

homolog of Enabled, Mena, competes the capping protein off of the barbed end of F

actin, thus promoting lengthening of actin filaments at the membrane (Bear et al., 2000).

In mammalian growth cones, Enabled localizes to the tips of filopodia (Lanier et al.,

1999). Targeted localization of Mena to the membrane leads to excessive filopodia

formation (Lebrand et al., 2004), showing that Mena is sufficient to generate filopodia in

growth cones. Indeed, in mammalian growth cones, after application of netrin-1 the

number of filopodia increases (Lebrand et al., 2004), an effect that depends on the

presence of Mena. This experiment indicates that Mena functions downstream of DCC in

mammalian growth cones. Mena can exist in either cytoplasmic or membrane pools, in

association with filopodia, lamellipodia, or focal adhesions (Kwiatkowski et al., 2003). In

order for Mena to promote filopodia formation, it must be present at the membrane.

Recently, Lamellipodin (Lpd) was identified as a protein that interacts with Mena

(Krause et al., 2004). Members of the Lamellipodin/RIAM family contain multiple

FPPPP motifs, which are ligands for the EVH1 domains of Enabled family proteins, a
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Ras-associating domain which allows interaction with GTPases (Lafuente et al., 2004),

and a PH domain that binds specifically to PI(3,4)P2. The C. elegans homolog of

Lamellipodin is MIG-10, and mig-10 mutant animals have widespread defects in both

cell migrations and axon pathfinding (Manser et al., 1997). Like Enabled proteins,

Lamellipodin localizes to the distal tips of filopodia. Overexpression of Lpd promotes

actin polymerization and lamellipodia formation at the cell periphery. Because

Lpd/RIAM family members have a lipid-binding PH domain, they may recruit Mena to

the membrane. Genetic analysis has shown that in C. elegans, mig-10 functions with the

Enabled homolog UNC-34 in both the netrin and the slit pathway for axon guidance

(Chang et al., in preparation). Thus, MIG-10 and UNC-34 appear to be important

regulators of filopodia formation, and perhaps cytoskeletal rearrangement, downstream of

netrin.

Tyrosine phosphorylation is another pathway that has been implicated in netrin

signaling. The receptor protein tyrosine phosphatase CLR-1 is a negative regulator of

netrin-mediated axon attraction, and a positive regulator of netrin-mediated repulsion in

C. elegans. A number of cytoplasmic tyrosine kinases have been implicated in

mammalian netrin signaling as well. The focal adhesion kinase FAK interacts with and

phosphorylates DCC in a netrin-dependent manner in cultured cells (Li et al., 2004; Liu

et al., 2004; Ren et al., 2004). FAK interacts with multiple actin-binding proteins, and its

recruitment may provide a link between DCC and adhesion complexes (Parsons et al.,

2000). Src family kinases such as Src and Fyn can also phosphorylate DCC and assist in

recruiting FAK to DCC (Meriane et al., 2004).
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A variety of other proteins are also associated with DCC signaling.

Phosphorylation of MAP kinases has also been observed following exposure to netrin-1

(Campbell and Holt, 2001; Forcet et al., 2002). A putative downstream regulator of

calcium signaling, calcineurin/NFAT, stimulates netrin-dependent outgrowth (Graefet

al., 2003; Wen et al., 2004). Netrin promotes nuclear translocation of NFAT, which may

be responsible for more long-term, transcriptionally-regulated effects of netrin. Although

little evidence has linked netrin signaling to microtubule dynamics, one study shows that

the microtubule-associated protein MAP1B is required for axon guidance and cell

migration toward sources of netrin (Del Rio et al., 2004).

Netrin signaling: regulation by second messengers

Growth cone responses to netrin are modulated by second messengers such as

calcium, cyclic nucleotides, and lipids. The turning response of Xenopus retinal growth

cones toward netrin-1 could be significantly weakened by pharmacological inhibition of

PI-3 kinase (Campbell and Holt, 2001; Ming et al., 1999), indicating that PI-3 kinase

promotes netrin responses. An association of DCC with lipid rafts has been proposed to

contribute to netrin-induced turning (Guirland et al., 2004; Herincs et al., 2005).

Pharmacological manipulation of calcium levels leads to altered turning responses

toward netrin in dissociated Xenopus spinal cord neurons in vitro (Hong et al., 2000).

TRPC channels and L-type voltage-activated calcium channels are responsible for

calcium entry downstream of netrin (Nishiyama et al., 2003; Wang and Poo, 2005).

Direct visualization of calcium levels in growth cones shows a surge in response to netrin

and a gradient across the growth cone (Hong et al., 2000).
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Levels of cyclic nucleotides are important for turning toward netrin: high levels

of cAMP are required for efficient turning toward netrin-1 in vitro (Ming et al., 1997);

lower levels convert this turning to repulsion (Song et al., 1998). These findings suggest

that the intracellular balance of cAMP and calcium cooperate in the execution of a proper

turning response toward netrin. How this regulation of the turning response is achieved

cell biologically awaits further identification of downstream signaling targets. One

candidate target of cAMP is the Ena/VASP protein family, whose activity is regulated by

protein kinase A(PKA). Another is DCC itself, since the intracellular pool of DCC

shuttles to the plasma membrane following pharmacological activation of PKA

(Bouchard et al., 2004). Thus, modulation of the levels of axon guidance receptors on the

surface of the cell may be one response to extracellular cues. Axons crossing the midline

in Drosophila and vertebrates (Keleman et al., 2005; Sabatier et al., 2004) also regulate

the surface localization and subcellular localization of guidance receptors. Using these

kinds of mechanisms, growth cones may be able to regulate their level of responsiveness

to extracellular cues that they encounter in complex environments.
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Summary

Odorant receptors and signaling proteins are kºcalized
to sensory cilia on olfactory dendrites. Using a GFP
tagged odorant receptor protein, Caenorhabditis ele
gans ODR-10, we characterized protein sorting and
transportin olfactory neurons in vivo. ODR-10 is trans
ported in rapidly moving dendritic vesicles that shuttle
between the cell body and the cilia. Anterograde and
retrograde weeicles move at different speeds, eug
gesting that dendrites have polarized transport mech
anisms. Residues immediately after the seventh mem
brane-spanning domain of ODR-10 are required for
localization; these residues are conserved in many
G protein-coupled receptors. UNC-101 encodes a u1
subunit of the AP-1 clathrin adaptor complex. In unc
101 mutants, dendritic vesicles are absent, ODR-10
receptor is evenly distributed over the plasma mem
brane, and other ciliarnermbrane proteins are also mis
localized, implicating AP-1 in protein sorting to olfac
tory cilia.

introduction

Neurons are polarized cells with distinct proteins in their
axons and dendrites. Dendrites in turn contain special
ized subdomains, such as synaptic spines and the cilia
of sensory neurons, that are enriched in signaling mole
cules and specific membrane proteins. The sensory
transduction molecules of olfaction, vision, and mecha
nosensation reside within cilia or modified cilia, but rela
tively little is known about protein sorting into cilia (De
retic, 1998; Tam et al., 2000).

A variety of mechanisms direct plasma membrane
proteins to specific domains of neurons, including local
translation, polarized transport, targeted secretion to
domains of the plasma membrane, and protein cluster
ing by PDZ domain proteins. Studies of viral membrane
protein sorting in cultured neurons suggest that the neu
ronal somatodendritic compartment may be analogous
to the epithelial basolateral domain (Dotti and Simons,
1990). However, some of the proteins implicated in ba

*Correspondence: coriðitsa.ucsf.edu
*These authore contributed equally to this work.
*Present addrees: Molecular Neurobiology Laboratory, Salk Institute
for Biological Studies, La Jola, California 92037.

solateral epithelial sorting are not expressed in neurons
(Folsch et al., 1999), suggesting that these systems are
similar but not identical. Sorting of membrane proteins
to the basolateral epithelial plasma membrane also has
similarities with sorting to the intracellular endosome
compartment. Both processes are initiated at the trans
Golgi network (TGN), where proteins are packaged into
transport vesickes that are coated with clathrin and the
heterotetrameric AP-1 adaptor complex (Traub et al.,
1993, 1995: Traub and Kornfeld, 1997: Schmid, 1997).
AP-1 provides a membrane binding site for clathrin and
also interacts with membrane proteins to select specific
cargo for the vesicle(Marks et al., 1997: Robinson, 1997).
AP-1 consists of four subunits: two large chains, B' and
Y; one medium chain, 11 or AP47; and one small chain,
a 1 or AP19. The u1 subunits interact with transmem
brane cargo proteins bearing a Yxx0 sorting motif, and
other subunits may also interact with cargo proteins
(Ohno et al., 1995; Rapoport et al., 1998; Orzech et al.,
1999). The Yxx0 sorting motif and other short peptide
sequences in the cytoplasmic tails of membrane pro
teins are implicated in sorting to basolateral domains
of epithelial cells and in sorting to endosomes (Casa
nova et al., 1991: Hunziker et al., 1991; Matter et al..
1992). There appear to be several forms of AP-1 with
different functions. For example, epithelial cells express
both a generic u1A subunit that mediates sorting to
endosomes and an epithelial-specific u1B subunit of
AP-1 that mediates sorting of some but not all basolat
eral plasma membrane proteins (Folsch et al., 1999).

Most studies of protein sorting are conducted in cul
tured cells, which lose some of their differentiated prop
erties. However, the transparent nematode Caenorhab
ditis elegans can be used to examine neuronal protein
sorting and transport in vivo. We are studying protein
sorting in chemosensory neurons of the amphid sensory
organs. Each chemosensory neuron is bipolar, with an
axon that joins the nerve ring neuropil and a dendrite
that extends about 100 um and ends in a sensory cilium
at the tip of the nose. Many olfactory signaling mole
cules, including odorant receptors, G proteins, and ion
channels, are enriched in chemosensory cilia (Coburn
and Bargmann, 1996; Sengupta et al., 1996; Colbert et
al., 1997; Roayale et al., 1998). The G protein-coupled
odorant receptor ODR-10 and other C. elegans odorant
receptors are highly concentrated in sensory cilia. Local
ization of receptors does not depend on their extreme
C termini, since cilia sorting is observed when the green
fluorescent protein (GFP) is appended to the C terminus
of the receptor proteins. The novel membrane protein
ODR-4 is required forfolding or sorting of odorant recep
tors, including ODR-10; in its absence, receptor proteins
are retained in the cell body (Dwyer et al., 1998).

Here, we show that the odorant receptor ODR-10
GFP is rapidly transported in vesicles in the dendrite of
a chemosensory neuron, identify residues in ODR-10
that are required for localization, and identify a protein
essential for sorting of ODR-10 and other proteins to
sensory cilia. unc-101 encodes one of two C. elegans
pil subunits of the AP-1 clathrin adaptor complex (Lee
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Figure 1. Transport Vesiclee in Sensory Dendrites
(A) CCD time-lapse microscopy of ODR-10-GFP vesicles in the dendrite of the AWB neuron. Along tubule emerged from the cilium and moved
retrogradely (large arrowhead). Two smaller vesicles passed one another from opposite directions (small arrow and small arrowhead). Scale
bar represents 20 p.m. Large arrow points to the cell body as a reference. Anterior is at left, and dorsal is up.
(B) Electron micrograph of sensory cilia and transition zonee. One sensory dendrite is sectioned immediately under the transition zone of the
cilia; amows indicate two coated vesicles (about ten are present in this image). Arrowhead indicatee the microtubule-rich distal cilium of an
adjacent neuron. Scale bar - 500 nm.
(C) Electron micrograph of sensory dendritee, approximately 10!1m from the cilia. Arrows ind -L_*-*. icles intwo dendrites. Arrowhead
indicatee a mitochondrion in one of the dendrites. Scale bar - 500 nm.
(D) Schematic diagram of AWB neuron with cell body, dendrite (--100 p.m. long), proximal cilium with transition zone, and forked distal cilium
(-5 um long). Approximate locations of sections in (B) and (C) are indicated. Anterior is at left.
(E) ODR-10-GFP is able to localize to the abnormal AWB cilia (anowhead) in a daf-19 mutant animal, despite the absence of the microtubule
rich transition zone of the cilium.

(F) STR-1-GFP fails to localize to the AWB cilia in a daf-19 mutant and is instead retained in the cell body (arrow).
(E and F) Anterior is at left, and dauer larvae are shown. Wild-type dauer larvae exhibit nomal cilia kocalization of ODR-10-GFP and STR-1-
GFP in AWB (data not shown). (E) and (F) are confocal Z series projected into a single plane.

et al., 1994). In unc-101 mutants, ODR-10-GFP is delo- Results
calized over the entire plasma membrane, suggesting
arole for AP-1 in receptorlocalization to cilia. Our results ODR-10-GFP le Present in Rapidly Moving
suggest that AP-1 and particularly the 11 subunit may Vesicles in the Dendrites of AWB Neurone
contribute to sorting of plasma membrane proteins to The odorant receptor ODR-10 is expressed in the cilia
cilia. of the two AWAolfactory neurons (Sengupta et al., 1996).
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Figure2. Sorting to Cilia Requires the AP-1
Clathrin Adaptor UNC-101
(A) The AWB:ODR-10-GFP protein is local
ized strongly in the AWB cilium (large arrow
head) in wild-type animals and also invesicles
in the dendrite (small arrowheads) and cell
body (arrow). Bar represents 30 um for all
panels. (B) in an AP-1 unc-101■ m■ ) mutant
animal. AWB::ODR-10-GFP is localized uni
formly over the entire plasma membrane of
the AWB neuron, including the cilium (arrow
head), dendrite, cell body (thin arrow), and
axon wide arrow). This unc-107 animal has
altered cilium morphology; a single branchis
present instead of the normal forked cilium.
(C and D). The TRP-related channel 08M-9-
GFP requires AP-1 UNC-101 for localization
to the OLO mechanosensory cilia. (C). In a
wild-type animal.OSM-9-GFP■ ocalizes to the
OLO cilia (amowheads). (D) in an AP-1 unc
101■ m■ ) mutant animal, GFP-tagged OSM-9
is delocalized: it is present in the OLO neu
ronal cell bodies (arrows) and faintly in the
dendrites and cilia (not visible in this photo
graph). (Eand F). The endogenous transmem
brane guanylylcyclase ODR-1 is absent from
the AWC cilia in an unc-107 mutant (E) ODR
1 protein is seen in the two AWC cilia (arrow
heads) in a wild-type animal. (F) in an AP-1
unc-107(mt) mutant animal, ODR-1 proteinis
not detectable in the AWC. cilia (nonspecific
staining is visible in the pharynx). Animals

were fixed and stained with a rabbit polyclonal antibody to ODR-1 protein (L'Etoile and Bargmann, 2000) and Cy3-conjugated secondary
antibodies. (G). The candidate odorant receptor STR-1-GFP is localized to the forked AWB cilium (arrowhead) in wild-type animals, with a low
level present in the cell body (amow). (H) STR-1-GFP is partially delocalized to the dendrite (small arrowheads) and axon (wide arrow) in the
AP-1 mutant unc-107■ m■ ) but is still enriched in the AWB cilium (large arrowhead). Anterior is at left in all panels. (G) and (H) are confocal 2
series projected into a single plane.

ODR-10-GFP is also localized to cilia when expressed
in the two AWB olfactory neurons under the strong pro
moter of the candidate receptor gene str-1 (Troemel et
al., 1997). The strong AWB expression of ODR-10-GFP
allowed us to see both cilia and discrete puncta in the
dendrite and cell body of the AWB neuron (Figures 1A
and 2A). The punctate structures were heterogeneous
in size and shape; some appeared to be =0.5 um in
diameter, whereas others were tubular and 22 um in
length. They will be called dendritic vesicles, but, due
to the limits of light microscopy and the small diameter
of the AWB dendrite.we could not resolve whether these
particles are vesicles inside the dendrites or protein
clusters on the dendritic plasma membrane.

The ODR-10-GFP-containing dendritic vesicles were
capable of rapid movement both toward the cilia (antero
grade movement) and toward the cell body (retrograde
movement) (see Figure 1A and supplemental movie S1
at http://www.neuron.org/cgi/content/full/31/2/277/
DC1). We recorded and analyzed vesicle movements in
14 adult animals, in which a total of 50 moving vesicles
were observed for periods of 30 s to several minutes.
The movement was saltatory, involving rapid steps,
rests, and resumption of movement. In four instances,
avesicle changed direction during observation. Vesicles
entered both the cilia and the cell body and emerged
from these compartments as well. The speed of vesicle
movement ranged from 0.3 to 2.1 um/s. During active
periods, anterograde vesicles moved at a mean rate of
1.42 + 0.09 um/s (n = 19), whereas retrograde vesicles

moved at a mean rate of 0.71 + 0.04 um/s (n = 31). The
rates of anterograde and retrograde movement were
significantly different from one another (p<0.001), sug
gesting that two different transport mechanisms are
used. The duration of individual vesicle movements
ranged from 3 to 52 s, with a mean duration of antero
grade movement of 7.4 + 0.9 s and a mean duration of
retrograde movement of 12.4 + 2.1 s.

The dendritic vesicles moved at rates comparable to
motor protein-driven transport (0.5–5.0 um/s) (Hiro
kawa, 1998). To test the hypothesis that the vesicles
were carried by ATP-dependent motor proteins, animals
were treated with sodium azide, which uncouples oxida
tive phosphorylation in mitochondria, thereby disrupting
ATP production. In C. elegans, this causes paralysis that
recovers rapidly after azide is removed. When animals
were anaesthetized in 5 mM sodium azide, no vesicke
movement was observed, suggesting an ATP require
ment for vesicle movement.

To askwhether dendritic vesicles were presentin non
transgenic animals, we examined electron micrographs
of the sensory dendrites of wild-type adults. Immedi
ately proximal to the transition zone at the base of the
sensory cilia we observed an accumulation of coated
vesicles similar to those previously described by Perkins
et al. (1986), with as many as 10to 15 vesicles in a single
dendrite (Figure 1B). The sub-cilia compartment could
be a locus of protein sorting or transport. At other re
gions of the dendrite, vesicles were present but more
sparse (Figure 1C): coated vesicles were present at a
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To askwhether unc-101 mutants exhibit ageneral defect
in protein sorting, the localization of other membrane
proteins was examined. All C. elegans neurons express
syntaxin, which is mostly localized to axons (Saifee et
al., 1998). In whole-mount immunostaining, syntaxin is
concentrated in the nerve ring and ventral nerve cord
and mostly excluded from cell bodies (Figure 3A). This
staining pattern was unchanged in unc-101 mutants
(Figure 3B). If syntaxin were as delocalized in unc-101
mutants as ODR-10, we would expect either reduced
staining in the axon or additional staining in the cell
bodies; neither was observed.

Asubset of sensory neurons, interneurons, and motor
neurons express the glutamate receptor glr-1 (Hart et
al., 1995: Marica et al., 1995). In whole-mount immuno
staining, GLR-1 has a staining pattern consistent with
GLR-1 localization to synapses on axons (Rongo et al.,
1998) (Figure 3C). GLR-1 is concentrated in axons and
not cell bodies in unc-101 mutants (Figure 3D). Thus,
two axonal proteins maintain their localization in unc
101 mutants.

ODR-4 is a transmembrane protein that is required
for the function and localization of olfactory receptors,
including ODR-10 (Dwyer et al., 1998). ODR-4-GFP is
present in internal membranes in the cell body, den
drites, and axons of sensory neurons but not in cilia
(Figure 3E and Dwyer et al., 1998). ODR-4-GFP does not
require unc-101 for its localization (Figure 3F).

The C. elegans unc-11 gene encodes the clathrin
adaptor protein AP180 and is required for localization
of the synaptic vesicle protein synaptobrevin (Nonet et
al., 1999). To further investigate the specificity of the
unc-101 phenotype, we compared the effects of the
clathrin adaptors unc-11 and unc-101 on the localization
of two different GFP-tagged proteins in the same sen
sory neuron.

The ASI chemosensory neurons are bipolar neurons
with simple, unbranched cilia, along dendrite, and axons
with about seven synapses each in the adult nerve ring
(White et al., 1986). Both ODR-10 and the axonal synap

Figure 3. UNC-101 Does Not Disrupt the Ax
onal Localization of Syntaxin and GLR-1 or
intracellular Localization of ODR-4

(A and B) The t-SNARE syntaxin localizes to
axons of the nerve ring (arrows) in both wild
type (A) and AP-1 unc-101■ m■ ) mutant ani
male (B). Animals were fixed and stained with
rabbit antibodies to C. elegans syntaxin
(Saifee et al., 1998) and Cy3-conjugated sec
ondary antibodies.
(C and D) The glutamate receptor GLR-1 lo
calizes to axons of the nerve ring (arrows)º Tº in both wild-type (C) and AP-1 unc-101(m■ )º mutant animals (D). Animals were fixed andstained with rabbit gº to GLR-1 (Maricq et
al., 1995) and Cy3-conjugated secondary an
tibodies.

(E and F) The localization of the type II mem
brane protein ODR-4–GFP is punctate in the
dendrite (arrowheads) and reticular in the cell
body of chemosensory neurons in both wild
type (E) and unc-101 mutant (F) animals.

tic vesicle protein synaptobrevin (SNB-1) were sepa
rately expressed under the ASl-specific str-3 promoter
and examined in wild-type and mutant animals. ODR
10 protein was localized to the ASI cilia in wild-type
animals but was delocalized on the plasma membrane
of the cell body, axon, and dendrite in unc-101 mutants
(Figures 4A and 4B). Thus, unc-101 is required for local
ization of ODR-10 to the ASI cilia. By contrast, ODR-10
GFP was localized normally to the sensory cilia of unc
11 mutants (data not shown).

When expressed in ASl, the synaptic vesicle protein
SNB-1-GFP localizes to about seven vesicle clusters
per axon, suggesting that it labels ASI synapses (Figure
4C). SNB-1-GFP localization in ASI was normal in unc
101 mutants (Figure 4D). However, in the ASI neurons
of unc-11 mutants SNB-1-GFP was delocalized to the
entire plasma membrane, including both axons and den
drites (Figure 4E). These results indicate that UNC-101
and UNC-11 clathrin adaptors can act in the same sen
sory neuron to target proteins to cilia or axonal synaptic
vesicles, respectively.

unc-10■ Affects the Formation of ODR-10-Containing
Dendritic Weeickes
unc-101 could affect protein localization by creating
specific transport vesicles at the TGN, mediating re
sorting or exocytosis when the dendritic vesicles arrive
at the cilia, or stimulating endocytosis of excess protein
at the cilia. To distinguish among these possibilities, we
asked whether dendritic vesicles were present in unc
101 mutants. Dendritic ODR-10-GFP fluorescence in
unc-101 mutants was observed following photobleach
ing of the ubiquitous plasma membrane fluorescence.
Following control photobleaching experiments, moving
dendritic vesicles were observed in 22/28 wild-type ani
mals but in only 1/20 unc-101 animals (Figures 5A-5H).
In the remaining 19 unc-101 animals, neither antero
grade nor retrograde moving vesicles were observed.
These results indicate that unc-101 is required for the
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Figure 4. The 11 Clathrin Adaptor Protein
UNC-101 and the AP180 Clathrin Adaptor
Protein UNC-11 Have Different Functions in
the Same Neuron

(A and B) UNC-101 is required in the ASIneu
ron for OOR-10-GFP localization. When ex
pressed in the ASI neuron, ODR-10-GFP is
restricted to the ASI cilium in a wild-type ani
mal (IAJarrowhead) but not in an unc-101■ m■ )
mutant animal (B). Thin arrow indicates the
cell body, wide arrow indicates the axon, and
arrowhead denotes the cilium. (C and D) The
unc-101(m1) mutation does not disrupt local
ization of the synaptic vesicle protein synap
tobrevin in ASI. When expressed using the
str-3 promoter, SNB-1-GFP is localized to
clusters in the AS axon in both wild-type (C)
and unc-101 mutant (D) animals. Wide arrow
indicates ston, and thin arrow points to the
cell body. (E) SNB-1-GFP is delocalized in the
axon (wide arrow) and dendrite (arrowheads)
in the AP180 mutant unc-11/ky260. Bar rep
resents 30 am for all panels. Anterior is at left
and dorsal is up. (A) and (B) are confocal Z
series projected into a single plane.

formation of dendritic vesicles or the sorting of ODR- directly to see whether it behaves as a plí-like TGN
10 into the vesicles. adaptor or a M2-like plasma membrane endocytosis

By sequence, UNC-101 is most similar to the u1 adap- adaptor. Some localized epithelial plasma membrane
tors that act in the TGN, but it has not been tested proteins are sorted directly from the TGN, whereas oth

T Figure 5. OOR-10 Dendritic Vesicles Are Not
wild-type unc-101 Detected in unc-107 Mutants

A.

* º

belore beaching

B

after beaching

C

(A-D) Wild-type animal (A) before photo
bleaching, (B) after photobleaching, and (C
and D) after recovery. (C) and (D)were taken 1
s apart. Avesicle is moving in an anterograde
direction near the cell body (arrowheads, in
sets). (E-H) unc-101 animal (E) before photo
bleaching, (F) after photobleaching, and (G
and H) after recovery. (G) and (H) were taken
5 s apart. Although fluorescence recovered
slowly, no moving vesiclee were observed. (I)
AWB:OOR-10-GFP is localized properly to
the cilia in the AP-2 mutant doy-23(sô40)
(arrowhead). Arrow denotee cell body. (J)
The dynamin mutant dyn-1(ky5fts) kocalizes
AWB:OOR-10-GFP property to the AWB cilia
(arrowhead). Anterior is at left in all panels.
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ers are secreted nonspecifically to the cell surface and
sorted following endocytosis (Mostov and Cardone,
1995). If endocytosis is an essential component of sort
ing to cilia, mutations that affect endocytosis should
disrupt ODR-10 localization. DYN-1 encodes a C. ele
gans dynamin that acts in endocytosis (Clarket al., 1997;
Grant and Hirsh, 1999); ODR-10-GFP localization was
normal in a dyn-1(ts) mutant at the nonpermissive tem
perature (Figure 5). Localization was also unaffected in
mutants for the C. elegans DPY-23 protein (Figure 5J),
which is related to the u2 (or AP50) subunit of AP-2
required for endocytosis (G.Garriga, personal communi
cation; Schmid, 1997). Although neither of these mutants
is anullmutant, the results show that endocytosis can be
partly defective without disrupting ODR-10 localization,
and they support the model that unc-101 acts as a M.1
AP-1 subunit at the TGN.

Carboxy-Terminal Sequences of ODR-10 and STR-1
Receptors Affect Their Localization
Many proteins, including serpentine receptors and rho
dopsin, have sorting signals in their carboxyl termini
(Tam et al., 2000). When the carboxy-terminal residues
that followed the last transmembrane domains of ODR
10 and STR-1 were deleted, the truncated, GFP-tagged
proteins were trapped in the cell body on reticular struc
tures, suggesting that the carboxyl terminus was re
quired either for sorting or for protein folding (Figure
6A and data not shown). However, a STR-1-ODR-10
chimera in which the C terminus of ODR-10 replaced
the C terminus of STR-1 was sorted to the olfactory
cilia, suggesting that the ODR-10 C terminus could sup
port the folding or sorting of STR-1 (Figure 6B).

As noted above, the localization of STR-1 was less
affected by unc-101 mutations than ODR-10. The STR
1-ODR-10 chimera bearing the ODR-10 carboxyl termi
nus behaved significantly more like ODR-10 than did
full-length STR-1. In unc-101 mutants, the STR-1-ODR
10 chimera had less protein localized to cilia than
STR-1 (Figure 6C) and an increased percentage of ani
mals without any localization to cilia (Figure 6D) (for
STR-1, 59% of unc-101 animals had some GFP enrich
ment in cilia, versus 15% for ODR-10 and 27% for STR-1-
ODR-10; p < 0.05). This result suggests that the carboxyl
terminus of the ODR-10 receptor influences its require
ment for unc-101.

The carboxyl termini of STR-1 and ODR-10 are largely
dissimilar, except for a hydrophobic/basic residue com
bination immediately after the seventh transmembrane
domain (FR in ODR-10, YR in STR-1). This pair of resi
dues is highly conserved throughout the G protein-cou
pled receptor (GPCR) superfamily and is part of a short
cytoplasmic helix in rhodopsin that lies perpendicular
to the transmembrane helices (Palczewski et al., 2000).
The same putative helix includes an FXF motif conserved
in STR-1, ODR-10, and other C. elegans odorant recep
tors. We mutated both the FR and the FXF residues to
alanines in ODR-10-GFP and examined localization of
the altered proteins. When expressed in AWB using the
str-1 promoter, the FR to AA mutant ODR-10-GFP was
not enriched in the cilia. Instead, the mutant protein was
present in a few large vesicles or a reticular pattern
in the cell body and was frequently delocalized evenly

across the cell membrane (Figure 6B). In these animals,
27% of neurons examined had GFP detectable only in
the cell body,42% had GFPinthe cell body and proximal
axon and dendrite, and 31% had GFP visible on the
membrane of the entire cell, including cilia (n = 78 AWB
neurons). The latter class was reminiscent of the even
delocalization phenotype of unc-101 mutants. The FNF
to ANAmutant was localized to cilia in a pattern indistin
guishable fromwild-type ODR-10-GFP(data not shown).
These results show that the FR residues in the ODR-10
C terminus are required for localization of ODR-10 to
cilia. Localization of the FR to AA ODR-10 protein was
identical in wild-type and unc-101 mutants, suggesting
that the FR mutation disrupts a step at or before the
step affected by UNC-101.

Discussion

Active Transport of Odorant Receptor Protein
in Dendrites
The odorant receptor ODR-10 is localized to the cilia of
C. elegans chemosensory neurons, where it functions
in olfactory transduction. Our results suggest that local
ization involves specific sequences in ODR-10, an unc
101-dependent vesicle sorting pathway, and the trans
port of ODR-10-containing vesicles through dendrites
to cilia.

GFP-tagged ODR-10 protein appears to be trans
ported to the sensory cilia in fast-moving vesicles that
travel along the dendrite. The rapid speed of vesicle
movement and its requirement for ATP indicate that the
ODR-10-GFP vesicles undergo active transport in the
dendrite. The ODR-10-GFP dendritic vesicles move at
different speeds in the anterograde and retrograde di
rections, suggesting that at least two motors mediate
their transport. Three kinesin genes and a dynein gene
were not required for ODR-10 transport, but the C. ele
gans genome encodes at least 21 additional kinesin
related genes, 6 dynein-related genes, and 17 myosin
related genes (The C. elegans Sequencing Consortium,
1998). These include a gene related to a vertebrate
kinesin that is localized to dendrites (Marszalek et al.,
1999).

Dendrites are often described as having randomly ori
ented microtubules, but the different anterograde and
retrograde speeds of vesicle movement suggest that C.
elegans sensory dendrites have an intrinsic cytoskeletal
polarity. In frog olfactory neurons, dendritic microtu
bules are polarized with the + ends directed toward the
cell body (Burton, 1985), and microtubules in the distal
half of hippocampal dendrites are also polarized (Baas
et al., 1988). One potential source of polarity information
in sensory dendrites is the transition zone of the cilium,
which is a modified basal body and therefore a potential
microtubule organizing center. daf-19 mutants, which
lack this structure, are still able to localize ODR-10 pro
tein, suggesting that there is another source of dendritic
polarity in the absence of the transition zone.

The transport of ODR-10 to olfactory cilia is reminis
cent of opsin sorting to rod photoreceptor outer seg
ments, which are modified cilia. Vesicles containing op
sin are transported in a polarized fashion from the
photoreceptor cell body through the rod inner segment
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Figure 6. Cytoplasmic Residues of STR-1 and OOR-10 Affect Localization to Cilia
(A) The C-terminal tail of OOR-10 is required for ■ olding or sorting to the cilia. ODR-10 truncated just after the seventh transmembrane domain
and tagged with GFP was retained in the cell body (arrow) in wild-type animals. STR-1 was similarly affected (data not shown). (B) A STR-1-
ODR-10 tail chimera tagged with GFP localizes normally to the AWB cilia (large arrowhead) in a wild-type animal. (C and D) The STR-1-ODR
10 tail chimera displays more delocalization in an unc-101■ m■ ) mutant than STR-1 does. Two examples are shown: (C) partly localized and
(D) delocalized. Compare the cilia-enriched localization of full-length STR-1 in Figures 2G and 2H. Large arrowhead denotee cilia, amal
arrowheads denote dendritee, and arrows denote cell bodies. (E) An ODR-10 FR-AA mutant protein is delocalized to the cell body, stone,
and dendritee. Although reminiscent of unc-107 mutants (Figure 2B), a larger fraction of the protein is trapped in intracellular compartments
than is observed in unc-101 mutants. (F) Diagram of GFP fusion proteins and control proteine (see text). (B)-(E) are confocal Zaeries projected
into a single plane. All animals are adults. Anterior is at left, and dorsal is up.

by an unknown mechanism (Deretic and Papermaster,
1991). There, they fuse with the plasma membrane at
the basal body. Specific C-terminal sequences as well
as dynein, kinesin II, and myosin Vll motors are all re
quired for opsin's ultimate delivery to the rod outer seg
ment (Tai et al., 1999; Liu et al., 1999; Marszalek et al.,
2000:Tam et al., 2000). The initial polarized movement of
vesiclesin both photoreceptors and C. elegans olfactory
neurons suggests the existence of a common cilia sort
ing pathway that could be used in a variety of sensory
neurons.

UNC-101/AP1 Targets ODR-10 and Other
Membrane Proteins to Cilia
UNC-101, a predicted u1 subunit of the AP-1 clathrin
adaptor complex, is essential for membrane protein tar
geting to cilia. unc-101 affects localization of ODR-10
in several classes of chemosensory neurons, including
those with simple cilia (ASI) and those with complex
cilia (AWA, AWB). It also affects the localization of the
OSM-9 channel in OLQ mechanosensory cilia and the
localization of the transmembrane guanylyl cyclase
ODR-1 in AWC chemosensory cilia. unc-101 may be a
general trans-acting sorting factor for many cilia mem
brane proteins.

We propose that UNC-101 acts at the TGN to sort
ODR-10 into the dendritic transport vesicles, which may
target ODR-10to the ciliaplasmamembrane. This model
is consistent with the absence of ODR-10-containing
dendritic vesicles in unc-101 mutants. Mammalian AP-1
can interact directly with the kinesin Klf13Atotransport
plasma membrane proteins (Nakagawa et al., 2000);
thus, protein sorting and transport could be directly cou
pled at the level of the AP-1 complex. The ubiquitous
plasma membrane localization of ODR-10 in the unc
101 mutants suggests that the loss of AP-1/ul causes
ODR-10 to enter a different class of vesicles that can
fuse with any plasma membrane. In a second model,
UNC-101's effect on ODR-10 could be indirect: UNC
101 may be required for the localization of another pro
tein that mediates targeting of ODR-10 and other cilium
proteins. Most AP-1-coated vesicles from the trans
Golgi network fuse with the endosome, where their pro
tein contents may be resorted to another compartment
(Traub and Kornfeld, 1997). Our results do not distin
guish whether ODR-10 uses an endosome as an inter
mediate step to the cilia, but one candidate for an endo
some-like compartment in sensory neurons is the
accumulation of coated vesicles observed at the base
of the cilia.

The STR-1 and STR-2 candidate receptors showed
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some enrichment in sensory cilia in the absence of unc
101. These membrane proteins may use other cilia-spe
cific sorting pathways, or they may be captured and
retained by cytoplasmic proteins in the cilia. STR-1 lo
calization was abnormal in daf-19 mutants, which lack
the microtubule specializations of cilia (Perkins et al.,
1986: Swoboda et al., 2000), but some ODR-10 protein
localized to the ends of dendrites in this mutant. Thus,
the genetic requirements for sorting can differ for two
related receptor proteins expressed in the same neuron.

Although unc-101 was previously shown to encode a
clathrin adaptor, its targets had not been identified (Lee
et al., 1994). unc-101 has an uncoordinated phenotype,
suggesting a role in motor neurons or muscles, and also
acts as a negative regulator of the epithelial C. elegans
EGF receptor/vulval signaling pathway (Lee et al., 1994).
One potential target of unc-101 in vulval signaling is the
EGF receptor, which has a dynamic subcellular localiza
tion in epithelial cells with a temporary basolateral loca
tion that is essential for signaling (Simske et al., 1996;
Whitfield et al., 1999). The unc-101(m 1) allele used in
this study behaves as a null allele (Lee et al., 1994), but
a second putative u1 AP-1 chain, apm-1, is encoded in
the C. elegans genome. apm-1 has overlapping but not
identical functions with unc-101 (Shim et al., 2000). Since
this protein cannot fully compensate for a loss of unc
101 function, the two u1 proteins probably have different
cargo specificities or cell-type specificities.

Mutating the FR residues after the seventh transmem
brane domain of ODR-10 affects receptor localization,
causing a delocalized distribution that is similar to ODR
10 distribution in unc-101 mutants. This delocalized dis
tribution is different from the cell body retention of car
boxy-terminal truncated receptors; it suggests that the
ODR-10 FR mutant is folded and at least partly released
from the endoplasmic reticulum but that it is not recog
nized by the cilia sorting machinery. An FR or YR motif
in this position is present in most G protein-coupled
receptors, both in C. elegans and in other animals. In
the crystal structure of rhodopsin, the corresponding
phenylalanine residue points toward the hub of the
transmembrane domains, potentially stabilizing other
regions of the receptor, including the short cytoplasmic
helix that begins at the FR residues (Palczewski et al.,
2000). The rhodopsin structure suggests that the FR
residues' effect on protein sorting could be indirect and
mediated through other intracellular domains of the re
ceptor. Alternatively, a different conformation of the re
ceptor could allow the conserved FR residues to interact
directly with AP-1 or other proteins of the cellular sorting
machinery.

Our results suggest an analogy between sorting of
plasma membrane proteins to the basolateral epithelial
surface and sorting to sensory cilia. An epithelial-spe
cific AP-1 u1B protein affects basolateral localization
of the LDL receptor and transferrin receptor in polarized
epithelial cells (Folsch et al., 1999). Basolaterally di
rected vesicles with transferrin receptor appear to be
clathrin coated (Futter et al., 1998). Like unc-101 mu
tants, epithelial cells lacking u1B have defects in cell
morphology and sorting defects in a subset of trans
membrane proteins (Folsch et al., 1999). However, the
analogy between UNC-101 and 11B is not exact, be
cause unc-101 and apm-1 are both equally similar in

sequence to the mammalian u1A and M1B proteins, and
mammalian ºl1B is not expressed in neurons. The analo
gous functions of unc-101 and u1B suggest that specific
AP-1 protein complexes may contribute to a variety of
subcellular sorting events. In C. elegans, most neurons
do not have well-defined axons and dendrites; sensory
neurons are unique in having one axon and one dendrite
with distinct polarities (White et al., 1986). It will be inter
esting to determine whether specific AP-1 complexes
localize proteins to other dendrite-like postsynaptic pro
cesses in C. elegans or to cilia or dendrites in other
animals.

Experimental Procedures

Strains and Genetics
Wild-type nematodes were C. elegans variety Bristol, strain N2.
Strains were maintained at 20°C using standard methods (Brenner,
1974). Many strains were provided by the Caenorhabditis Genetics
Center. The following strains were used or created in this work:
CX3877 ky■ s 156 X. CX3878 unc-116.e0310 III: ky■ s 156 X. CX 4059
unc-107(m?) f. ky■ s 156 X, PR802 osm-3p302) W. CX3882 unc
104(e1265) i■ ; ky■ s 156X, CX3875 che-3e 1124) # ky■ sf86 X, CB3253
dpy-23(eB40 ■ on-2(e678) X. CX3876 oam-6p611) V. ky■ s?56 X.
JT 5531 daf-19■ mö6ts); daf-12m20x, CX280 unc-11/ky280 h
kyisto: V, and CX3572 ky■ s 105 V. kyistOS-ASE:VAMP-GFP,
kyist56-AWB:ODR-10-GFP. ASIrODR-10-GFP was examined in
extrachromosomal arrays.

Paralytic agents used in agarose pads on slides were either 5 mM
sodium azide or 1-7.5 mM levamisole. Levamisole causes hypercon
traction of the animals' muscles. To control for the possibility that
the levamisole was causing an artifactual movement of the ODR
10-GFP-containing vesicles, animals were examined using two other
immobilization proceduree. Rapid vesicle movement was observed
when piperazine, a GABAA receptor agonist, was used as an anee
thetic and when paralyzed animals (such as animals mutant for the
muscle myosin unc-54) were examined without anesthetic (data not
shown).

Microecopy
Photographs were taken on a Zeiss Axiopian ll fluorescence micro
scope or a BioFlad MRC 1024 confocal microscope. Time-lapse
images were captured using a cooled CCD camera based on Kodak
768 x 512 CCD (Princeton Instruments), a Princeton instruments
Micromax Controller, and Metamorph software (Universal Imaging).
The signal was increased by 2 × 2 binning of pixels. Exposure times
were 100 ms, and images were captured every 0.9 s. Sections (30
nm.) for electron microscopy were prepared and processed as de
scribed (Jorgensen et al., 1995). Antibody staining was conducted
as described (L'Etoile and Bargmann, 2000).

For photobleaching experiments, animals anaesthetized with lev
amisole were bleached at 100% power for 45 min using a BioFad
MRC 1024 confocal microscope. This protocol bleached the cilia,
cell bodies, and dendritee of unc-107 mutants and the cell bodies
and dendrites of wild-type animals (wild-type cilia were too intense
to bleach). Animals were recovered for 3-4 hr on food to allow
new protein synthesis, remounted onto slides with lavamisole, and
examined on a compound microecope.

Quantitative Analysis of Vesicle Speeds
Vesicle speeds were estimated by the following method. Frames in
a Metamorph time-lapse CCD sequence were stacked. Speeds were
only measured for movements in which the vesicle was in focus
and was in continuous movement. Speeds were not measured for
vesicles less than about half a micron long, because they were not
well-resolved. Distancee were calibrated in Metamorph by imaging
a hemocytometer MWR). Time was measured using the time-stamp
feature of Metamorph.

ODR-10/STR-1 Mutationa and Chimeras
The seventh transmembrane domain of ODR-10 ends with the resi

dues Lll and is followed by the predicted cytoplasmic tail sequence
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RDFRRTIFNFLCGKKNSVDESRSTTRANLSOVPT[stop). In ODR-10
GFP, the V at -3 is followed by a polylinker sequence (GSGIPDPL
VLAWEK) and GFP. A carboxy-terminal deletion was made using a
Bcll site in OOR-10 such that the Ll residuee were followed by the
poly■ inker and GFP. A similar truncation of STR-1 was made at the
analogous position. STR-1-GFP has the predicted cytoplasmic tail
residues KCYRKAVIKYLNILF8FCSNQPTV followed by polylinker
sequence and GFP. These residues were replaced with the pre
dicted ODR-10 tail residues, polylinker, and GFP for the STR-1-
ODR-10 chimera. The FR-AA and FNF-ANA mutant ODR-10-GFP
clonee were made using the Quickchange mutagenesis kit (Stra
tagene). All clonee were sequenced through the carboxy-terminal
regions and the fusion site with GFP. Sequences are available upon
request.
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Chapter 3

UNC-6/Netrin induces neuronal polarization and defines the site of axon formation
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Summary

Neuronal precursors initiate axon formation with the polarized growth of neurites.

Here we investigate axon formation in developing HSN neurons of Caenorhabditis

elegans. The secreted guidance factor UNC-6/netrin and its receptor UNC-40/DCC

induce polarized growth of the immature HSN neuron and restrict neurite

formation to its ventral surface. Thus netrin defines the direction of polarized

neurite outgrowth even before the formation of the axon. Two cytoplasmic proteins,

UNC-34/Enabled and MIG-10/Lamellopodin, act as netrin effectors for polarization

and ventral guidance. As the HSN axon forms, the PH-domain protein MIG-10 is

transiently localized to the ventral side of HSN in a netrin-dependent manner.

Neurons lacking either AGE-1/PI3K or DAF-18/PTEN fail to properly localize

MIG-10, suggesting that localized lipid signaling downstream of netrin mediates an

early step of axon formation.

Introduction

A neuron has only one axon. The future axon emerges from the cell body in a

reliable position and orientation, marking the first step in the neuron’s trajectory toward

its distant targets. In the vertebrate spinal cord, motor axons are oriented away from the

midline, while many ventral interneuron axons are oriented toward it; in the cortex,

pyramidal axons invariably extend away from the pia mater. Little is known about

extrinsic and intrinsic mechanisms that initiate and orient the formation of neurites in

vivo (da Silva and Dotti, 2002).
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The earliest manifestation of axon formation in developing neurons is the appearance

of neurites tipped with growth cones, the dynamic actin-rich structures that migrate over

long distances to lay down axons and dendrites. Neurite formation and polarization have

been best characterized in dissociated hippocampal neurons (Dotti et al., 1988).

Immediately after dissociation, the symmetrical cell body forms small, actin-rich

processes around its perimeter. An intrinsic program for neuronal polarity directs one of

these processes to become the rapidly growing axon, and the others to become dendrites

(Bradke and Dotti, 1999; Dehmelt et al., 2003). Using these cultures, a number of

cytoplasmic proteins have been implicated in the choice between axon and dendrite

formation, including the PAR cell polarity genes, the cytoskeletal modulator CRMP, and

the GSK3■ and SAD-1 kinases (Inagaki et al., 2001; Kishi et al., 2005; Shi et al., 2004;

2003).

Scattered studies of axonogenesis in vivo suggest the existence of similar cytoskeletal

changes to those observed in culture. However, in contrast to cultured neurons, where

the axon extends in a random direction from the cell body, neurons in vivo usually extend

their first stable process in the exact direction that will be taken by the eventual axon.

For example, both the initial exploratory filopodia and the first microtubule-containing

process of the grasshopper Til neuron emerge from the cell body in the direction that is

followed by its eventual axon (Bentley and Toroian-Raymond, 1989; Lefcort and

Bentley, 1989). Similarly, developing vertebrate retinal ganglion cells (RGCs) send

their axons directly toward the optic nerve head. Even before a growth cone forms in

RGCs, a small thickening of the membrane predicts the site of the future axon (Halfter et

53



al., 1985; Holt, 1989). For RGCs as well as other neurons, the endogenous triggers of

neurite formation in vivo are unknown.

Axon formation has conceptual similarities to the polarization of cells during

chemotaxis (Van Haastert and Devreotes, 2004; Weiner, 2002). In both cases, a

symmetrical cell generates a single polarized domain, the growth cone or leading edge,

that guides further motility. In chemotaxing cells, both the initial onset of asymmetry and

directed movement of the cell are triggered by exposure to chemoattractants that are

recognized by G protein-coupled receptors. Even shallow gradients of attractants lead to

the all-or-none creation of a single leading edge, amplifying a small initial asymmetry

into a strongly polarized intracellular response. Lipid products of the phosphoinositide 3

kinase (PI3K) are one of the first markers of the future leading edge, and can organize

leading edge formation (Weiner et al., 2002). Polarization of the cell does not require

graded external signals, since exposure to uniform concentrations of chemoattractant

elicits formation of a single leading edge and randomly directed cell migration.

The secreted UNC-6/Netrin proteins function in axon guidance and cell migration in

both vertebrates and invertebrates (Tessier-Lavigne and Goodman, 1996). Netrins can

attract or repel migrating cells and axons. The UNC-40/DCC family of receptors

mediates attraction to netrin in most circumstances (Chan et al., 1996; Keino-Masu et al.,

1996), whereas the UNC-5 family of receptors mediates repulsion from netrin (Colavita

and Culotti, 1998; Hamelin et al., 1993). In the nematode Caenorhabditis elegans, UNC

6 is secreted by neurons of the ventral nerve cord, and neurons expressing UNC-40 send

axons ventrally toward it (Chan et al., 1996; Hedgecock et al., 1990; Wadsworth et al.,

54



1996). In particular, the HSN motor neurons are guided ventrally by attraction to UNC

6, with a lesser component of repulsion from dorsal SLT-1 (Hao et al., 2001).

Here we describe the early development of the HSN neuron as it generates a growth

cone in vivo. We show that UNC-6/Netrin and its receptor UNC-40/DCC have an

unexpectedly early role in initiating and orienting polarized growth, and are required for

restricting neurite formation to one side of HSN. The conserved actin regulators UNC

34/Enabled, the PH-domain protein MIG-10/Lamellipodin, and lipid signaling mediate

localized neurite formation in response to UNC-6/netrin. Our results suggest that netrin

polarizes neuronal growth prior to growth cone formation through mechanisms that

parallel leading edge formation.

Results

Characterization of wild-type HSN development

Each of the two bilaterally symmetric HSN neurons has a single axon that grows

toward the ventral nerve cord, fasciculates onto it, and terminates in the nerve ring in the

head (Fig. 1A, 1B) (Desai et al., 1988). These axons extend and form synapses onto

muscles and other neurons during postembryonic stages (Garriga et al., 1993; White et

al., 1986). We investigated the initial events in HSN axon guidance by examining

synchronized larvae at defined developmental stages (see Methods). Expression of a

myristoylated GFP marker in HSN allowed the observation of small membrane-rich

structures such as filopodia.

Immediately after hatching, most HSNs had an unpolarized morphology, either

appearing round, or extending short neurites in random directions from the cell body
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(21% round, 50% short neurites, n=114) (Fig. 1C). By the beginning of the L2 stage,

neurites were primarily restricted to the ventral side of the cell (Fig. 1D; 86% polarized

ventrally, n=116). These changes defined the initial transition from an unpolarized HSN

to one that was polarized and oriented ventrally.

During the L2 stage, the ventral cytoplasm of HSN increased in size, developing into

a dynamic leading edge (Fig. 1E). The HSN cell body then migrated a short distance (~5

pum) ventrally to its final position. After migration, a dorsal extension was transiently

visible in HSN (Fig. 1F), possibly representing a retraction fiber remnant of the ventral

cell body migration.

In the mid-L3 stage, the HSN neuron exhibited a burst of dynamics in which it

extended multiple neurites from its cell body, primarily toward the ventral nerve cord

(Fig. 1G; 98% extended neurites ventrally, n=109). Filopodia were seen extending and

retracting from the leading edge of these neurites in time-lapse images (data not shown),

suggesting that these are dynamic growth cones. When these neurites reached the ventral

midline, one expanded in volume and the others disappeared (Fig. 1H, 1 I). A single

consolidated growth cone then guided the HSN axon in an anterior direction (96% had

one growth cone, n=203). By the mid-L4 stage, the HSN axon had extended to the head

(Fig. 1B; White et al., 1986). Expression of the GFP reporter in other ventral nerve cord

neurons precluded observation of anterior growth cone migration.

To better understand the cytoskeletal reorganization underlying axon consolidation,

we compared serial-section electron micrographs of HSN neurons from animals with

multiple neurites in the mid-L3 stage, and animals in which a single axon had been

selected at the L3/L4 transition (Fig. 2A, 2B; Fig. 7 and Methods). In each of the
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multiple HSN neurites at mid-L3 stage, and in the single neurite at L3/L4 stage,

microtubules extended through the neurite shaft from the cell body toward the growth

cone (Fig. 2C, 2E). The microtubules originated from the cell body, but were not

associated with an obvious microtubule-organizing center. Fine filaments were

prominent in the distal neurites at both stages (Fig. 2D, 2F). These filaments are likely to

be F-actin, since a GFP:actin fusion protein was enriched in the distal ends of mid-L3

and L3/L4 HSN neurites (Fig. 2G, 2H). Neurites from animals of both stages also

contained a remarkable number of ribosomes (Fig. 2E, 2F). Thus the multiple processes

in L3 and the single process in L4 each had a proximal microtubule shaft and a distal

actin-rich region, the structural characteristics of neurites and growth cones.

Netrin specifies the position of neurite formation

In unc-6 and unc-40 null mutants the HSN cell body fails to migrate ventrally, and the

axon grows anteriorly instead of first extending ventrally (Hedgecock et al., 1990). To

understand how the defect in ventral guidance develops in these animals, we examined

the individual steps of HSN development in unc-6 and unc-40 null mutant animals.

During the L2 stage, wild-type HSN neurons were polarized ventrally, as evidenced

by both filopodia formation and leading edge extension (Fig. 3A). However, in unc-6

and unc-40 mutants of the same age, HSN neurons failed to generate filopodia or a

leading edge and instead appeared symmetrical, similar to wild-type L1-stage neurons

(Fig. 3B, 3C). The defect in polarization affected over 80% of unc-6 and unc-40 mutant

animals (Fig. 3J). These results indicate that UNC-6 and its receptor UNC-40 induce

HSN polarization during the first step of axon formation.
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During the L3 stage, both wild-type and mutant HSNs exhibited a burst of neurite

formation and filopodial dynamics. In wild-type animals, these neurites were primarily

restricted to the ventral side of HSN (Fig. 3D). However, in approximately 90% of unc-6

and unc-40 mutant animals, neurites extended in all directions from the cell body (Fig.

3E, 3F, 3K), indicating that netrin is not required for the L3 burst of neurite outgrowth,

but instead confines neurites to the ventral side of HSN.

HSN failed to migrate ventrally in unc-6 and unc-40 mutant animals (Fig. 3E,

3F)(Hedgecock et al., 1990). This ventral cell migration was also completely blocked by

unc-34 mutations (Fig. 5, see below), but in unc-34 mutants almost all HSN neurites

grew ventrally at the L3 stage. Thus, HSN ventral cell migration is not a prerequisite for

ventral neurite formation.

Despite the failure of HSN to grow towards the ventral nerve cord in unc-6 and unc

40 mutant animals, one primary growth cone was selected at the L4 stage at exactly the

same time as in wild-type animals (Fig. 3G-31, 3L). This result indicates that the timing

of HSN axon selection is netrin-independent. Moreover, since axon selection occurs

normally when HSN grows in an aberrant lateral position, it does not require contact with

specific targets in the ventral nerve cord.

UNC-6/Netrin acts acutely and continuously to polarize HSN

To ask whether polarized HSN outgrowth requires a localized netrin signal, we

altered the pattern of netrin expression using a functional HA-tagged UNC-6 protein

under the control of a heat shock promoter. The heat shock promoter is expressed widely

in neurons and other cell types (Stringham et al., 1992), so a pulse of heat shock should
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lead to widespread and delocalized production of UNC-6::HA. By Western blotting, unc

6;hs::unc-6::HA transgenic animals grown at 15°C did not express detectable protein, but

showed a significant induction of UNC-6::HA expression following a two-hour heat

shock at 30°C (Fig. 4A). Control experiments indicated that heat shock expanded UNC

6::HA expression outside of its normal range, and that UNC-6::HA was able to act on

netrin-responsive cells, including HSN. Heat shock in wild-type animals during the L2

stage caused axon guidance errors in approximately 25% of HSNs examined (n=102)

(Fig. 4B, 4C), and disrupted the dorsal migration of the gonad arms, which are normally

repelled from UNC-6 (defects in 33% of animals, n=100)(Fig. 4D, 4E)(Su et al., 2000).

In unc-6 mutants, HSN remained unpolarized for the duration of the L1 and L2 larval

stages (Fig. 3), a window of approximately 40 hours at 15°C. A two-hour heat shock

applied during this time resulted in a significant increase in the HSN neurons that were

polarized, either with a single leading edge or with multiple filopodia concentrated on

one side of HSN (Fig. 4F-4H). Consistent with the delocalized production of the protein,

the structures induced by UNC-6::HA were not always oriented ventrally.

The increased polarization of HSN in response to netrin was transient, peaking 8

hours after UNC-6::HA induction and returning to baseline after 20 hours (data not

shown). This result suggests that netrin stimulates polarization continuously during the

L1 and L2 stages. Animals lacking the netrin receptor UNC-40 showed no change in

HSN polarization following heat shock (Fig. 4H), indicating that UNC-6 acts through

UNC-40 to induce HSN polarization.

In principle, ventral UNC-6 and dorsal SLT-1 could provide redundant directional

cues to HSN. To ask whether UNC-6-induced polarization might be able to rescue HSN

• * * ,* , , ,
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ventral guidance, we monitored the percentage of HSN axons reaching the ventral nerve

cord in animals after heat shock during L1. In unc-6 animals grown at 15°C, 14% (+

0.01; n=104) of HSN axons reached the ventral nerve cord; after a heat shock that

rescued early polarization, only 24% (+ 0.02; n=107) of HSN axons grew ventrally. The

failure to rescue ventral guidance substantially with ubiquitous UNC-6 indicates that

UNC-6 provides both a general signal for HSN polarization, and a spatial signal for axon

guidance.

UNC-34 and MIG-10 are required for early HSN polarization

Ena/VASP proteins regulate actin dynamics during netrin signaling both in C. elegans

and in vertebrates (Gitai et al., 2003; Krause et al., 2003; Lebrand et al., 2004; Svitkina et

al., 2003). The sole Ena/VASP protein in the C. elegans genome is encoded by the unc

34 gene (Dell and Garriga, personal communication). unc-34 and the Rac protein ced-10

have redundant roles in netrin signaling; inactivating either protein causes minimal

defects in HSN ventral guidance, but inactivating both together results in a highly

penetrant defect in which most HSN axons grows laterally instead of ventrally (Gitai et

al., 2003).

We reasoned that a detailed analysis of HSN development might reveal unique

functions of unc-34 and mig-10 that were not apparent when only final HSN morphology

was examined. Indeed, in the L2 stage, unc-34 HSN neurons exhibited a highly penetrant

unpolarized morphology similar to that of unc-6 and unc-40 mutants (Fig. 5A, 5B, 5D).

HSN also failed to execute the short ventral cell body migration. Thus unc-34 is required

for the early netrin-dependent polarization of HSN.
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MIG-10/Lamellipodin is a PH domain protein that binds Ena/VASP proteins and

colocalizes with Ena at the leading edge of growth cones and fibroblasts (Krause et al.,

2004). MIG-10 has recently been found to function downstream of UNC-6 and UNC-40

in developing C. elegans neurons (Chang et al., in preparation; Quinn and Wadsworth,

submitted); mig-10 mutants have a partially-penetrant defect in the ventral guidance of

HSN. Like unc-34 mutants, mig-10 mutants had a substantial delay in the initial

polarization of HSN (Fig. 5C, 5D). By contrast, HSN polarization was mostly unaffected

by mutations in the Rac GTPase ced-10, the related GTPase mig-2, or the actin-binding

protein unc-115/Abl/M (Fig. 8). These results indicate that a subset of cytoplasmic

UNC-40 effectors have prominent roles in early HSN polarization.

Despite their early defects, the majority of HSN neurons in unc-34 and mig-10

mutants formed ventrally-directed neurites in L3 stage animals (Fig. 5E-5H), presumably

due to redundancy with other genes such as ced-10.

MIG-10/Lamellipodin is localized ventrally by netrin activation

To elucidate the intracellular mechanisms by which netrin restricts axon formation to

the ventral HSN, we investigated the subcellular localization of candidate effector

molecules including MIG-10, UNC-34, and CED-10, as well as other proteins implicated

in cell polarity from other systems. We hypothesized that an instructive molecule should

be localized asymmetrically to the ventral side of HSN in wild-type animals, but not in

unc-6 and unc-40 mutant animals, and focused on the L2 and early L3 stage, when HSN

was polarized but the axon had not yet formed.
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A MIG-10::YFP protein was strikingly restricted to the ventral plasma membrane of

HSN during L2 and L3 stages (Fig. 6A). The other molecular markers were

uninformative or undetectable in developing HSN neurons. Functional GFP fusions to

UNC-34 were enriched at the tips of filopodia, but present in both dorsal and ventral

domains of the cell; functional GFP fusions to CED-10/Rac were dispersed across the

entire HSN cell membrane. No centrosome or basal body was present in serial-section

electron micrographs of L3-stage HSNs, although basal bodies were visible in adjacent

cells. By antibody staining, the cell polarity genes PAR-1, PAR-2, PAR-3, PAR-6, and

POD-1 were undetectable in HSN during the L2 or L3 stage (data not shown).

Ventral localization of MIG-10::YFP was entirely dependent on netrin signaling.

MIG-10::YFP was dispersed across the cell membrane in unc-6 and unc-40 mutant

animals (Fig. 6C and 6D).

In wild-type animals, the ventral localization of MIG-10 was associated with the

appearance of a ventral leading edge and dynamic ventral neurites in HSN. In unc-34

mutants this overt polarization was delayed (Fig. 5B), but MIG-10::YFP was still

localized to the ventral edge of the quiescent HSN during the L2 stage (Fig. 6E). Thus,

the ventral localization of MIG-10 does not require large-scale cytoplasmic remodeling,

and is independent of unc-34.

Members of the MIG-10/Riam/Lamellipodin family contain a PH domain with

specificity for PI(3,4)P2 phospholipids (Krause et al., 2004), which are generated by

phosphoinositide-3 kinase (PI3K) and destroyed by the phosphatase PTEN. To ask

whether PIP2 plays a role in localizing MIG-10, we introduced MIG-10::YFP into a

maternally rescued null mutant of age-1/PI3K and a null mutant of daf-18/PTEN (Gil et
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al., 1999; Morris et al., 1996). age-1 acts in the same genetic pathway as mig-10 for

netrin signaling (Chang et al., in preparation). In age-1 mutant animals, MIG-10::YFP

was more weakly localized to the ventral side of HSN, based both on visual inspection

and on quantitative measurements of protein distribution (Fig. 6F, 6H). MIG-10::YFP

localization in daf-18/PTEN null mutants was as defective as the netrin mutants (Fig. 6G,

6H). In all cases, MIG-10 was still enriched at the periphery of the cell. These results

suggest that MIG-10::YFP localizes to regions with high levels of PI3-containing

phospholipids.

During the L2 stage, both age-1 and daf-18 mutants had a partial defect in ventral

polarization of HSN, with approximately 40% of HSNs unpolarized. These mutants are

both predicted null alleles, but the age-1 mutant is unlikely to eliminate all PI3K activity,

both because of maternal rescue and because of the existence of a second predicted type I

PI3K in the C. elegans genome. The age-1 defect disappeared by the L3 stage, but

approximately 30% of HSNs in daf-18 mutants did not generate ventral neurites at the L3

stage. Thus, regulation of phospholipids promotes netrin-stimulated polarization of HSN.

Discussion

The initial trajectories of axons exiting the cell body are spatially precise. Our results

indicate that the axon guidance molecule UNC-6 triggers polarization and orients neurite

formation of the HSN neuron in vivo. This process is associated with striking

asymmetric localization of the PH-domain containing protein MIG-10/Lamellipodin,

which cooperates with UNC-34/Ena in ventral neurite outgrowth.
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Netrin orients HSN ventrally prior to growth cone formation

Previous experiments have demonstrated roles for netrin and its attractive receptor

DCC in axon outgrowth and growth cone turning, but not in the earlier events that lead to

axon formation (Hong et al., 1999; Serafini et al., 1994). The use of a genetically

encoded marker for a single neuron, HSN, allowed us to visualize the entire process of

polarization and axon formation directly. These experiments demonstrate that netrin

signaling specifies the position at which axons emerge from the cell, linking an

extracellular signal to the intrinsic neuronal polarity of HSN.

Overt polarization of HSN in early stages requires the activity of both UNC-6 and its

receptor UNC-40, as well as the cytoplasmic proteins UNC-34/Enabled and MIG

10/Lamellipodin (Lpd). Although netrin is not essential for the generation of neurites, it

stimulates or stabilizes neurites that form on the ventral side of HSN, contributing to both

cell polarization and neurite extension. Ena/VASP proteins stimulate filopodia formation

and Lpd stimulates actin polymerization and lamellipodial extension, providing plausible

mechanisms for the cytoskeletal motility associated with HSN polarization (Krause et al.,

2004; Lebrand et al., 2004). The Rac GTPase ced-10 also contributes to HSN ventral

guidance, but did not have obvious effects during early HSN development, and could not

compensate for the loss of unc-34 and mig-10 in the early steps of HSN polarization.

unc-40, unc-34, and mig-10 act cell-autonomously in attractive netrin signaling

during ventral guidance of the AVM mechanosensory neuron (Gitai et al., 2003; Yu et

al., 2002). The absence of a reliable early HSN promoter has prevented similar definitive

rescue studies of the HSN phenotypes described here (many lines were screened to obtain

one useful unc-86::myr::GFP transgene). However, the analogies between the roles of

º
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these genes in HSN neurons, AVM neurons, and cultured cells suggests that these

functions are very likely to be autonomous in HSN as well.

Classical attractive and repulsive guidance factors have the potential to stimulate and

orient neurite formation in many systems. In general, they are expressed early and in

informative patterns that could match the pattern of axon initiation. For example, prior to

growth cone formation, avian RGCs are oriented toward the optic nerve head (Halfter et

al., 1985). Young ganglion cells (RGCs) express the attractive netrin receptor DCC (Gad

et al., 2000), and Netrin-1 is expressed in the optic nerve head (Deiner et al., 1997),

suggesting that netrin could act as an endogenous stimulus for RGC polarization and

orientation.

Asymmetric localization of MIG-10 in response to lipid signaling marks the ventral

edge of HSN

The PH domain protein MIG-10 localizes to the ventral edge of HSN in response to

UNC-6-UNC-40 signaling. This pattern is unique among netrin effectors analyzed here

or in other cell types. Lipid products of PI(3) kinases are implicated in the generation of

a stable leading edge in neutrophils and Dictyostelium ameobae, although the endogenous

PH-domain targets for these lipids are not defined (Van Haastert and Devreotes, 2004;

Weiner, 2002). Our results implicate asymmetric lipid signaling from PI3K and PTEN in

spatial restriction of the PH domain protein MIG-10 in HSN downstream of netrin. A

sharply localized front of MIG-10 can define the ventral leading edge of the cell even

before the cell is overtly polarized.
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MIG-10 is required for accurate ventral guidance of HSN and other neurons (Chang

et al., in preparation; Quinn and Wadsworth, submitted). The MIG-10-related proteins

Lamellipodin and RIAM stimulate actin polymerization (Krause et al., 2004; Lafuente et

al., 2004), so localized MIG-10 has the potential to act as a direct activator of polarized

growth.

Among other proteins implicated in cell polarization are the PAR proteins in C.

elegans embryos and mammalian epithelial cells (Doe and Bowerman, 2001) and the

centrosome in migrating cells (Gomes et al., 2005). Each of these systems, as well as

PI3K activity, has been suggested to act in hippocampal axon-dendrite polarity (de Anda

et al., 2005; Jiang et al., 2005; Shi et al., 2003). It is unclear which molecules first define

the future axon in hippocampal cultures, and unclear which molecules are important in

axon formation in vivo. For example, in Drosophila neurons, PAR proteins are not

essential for neuronal polarity (Rolls and Doe, 2004). Interestingly, however, these

pathways are interrelated and likely to interact in many cells: PAR proteins regulate

polarized pulling forces on the microtubule cytoskeleton (Cowan and Hyman, 2004) and

can be associated with the centrosome (Solecki et al., 2004); PAR-3 (Bazooka) can bind

directly to PTEN (von Stein et al., 2005), and the activity of the PAR-3 complex can be

regulated by PI3K (Shi et al., 2003).

In neutrophil chemotaxis, the first marker of cell asymmetry is the localization of PI3

containing lipids to one side of the cell, and positive feedback between PI3K and Rac

proteins then reinforces cell polarization (Weiner et al., 2002). During Dictyostelium

chemotaxis, localization of PI3-kinase to the leading edge of the cell and the PI3

phosphatase PTEN to the trailing edge are required for polarized movement (Funamoto et
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al., 2002; Iijima and Devreotes, 2002). Our results suggest that similar, highly polarized

lipid signaling mechanisms contribute to netrin-dependent neurite outgrowth and

guidance. Pharmacological studies have demonstrated a requirement for PI3K in

Xenopus growth cone turning toward netrin-1, suggesting that this arm of netrin signaling

might be conserved in vertebrates and invertebrates (Campbell and Holt, 2001; Ming et

al., 1999).

Even when HSN is exposed to ubiquitous netrin following a heat shock, only one

axon forms, indicating that feedback mechanisms restrict polarized growth to one side of

the cell. Ubiquitous chemoattractant receptor activation in migrating cells results in

polarization with a leading edge and a trailing edge due to feedback mechanisms

involving PI3 kinase, PTEN, and Rac (Parent, 2004; Weiner, 2002). A similar positive

feedback cycle may promote netrin-induced polarization. The integration of extracellular

cues such as netrin with the intrinsic polarity machinery has the potential to orient the

axons of many types of neurons.

Materials and Methods

Strains and Genetics

Wild-type animals were C. elegans variety Bristol, strain N2. Strains were maintained

using standard methods (Brenner, 1974). The following mutations were used: unc

40(e271, e1430) I; age-1(mg44)/mIn 1■ m.Is 14 dpy-10(e128)) II; mig-10(ct41) III; ced

10(n.1993) IV; daf-18(nr2037) IV; unc-34(gm 104, gm 114, e315) VL; unc-6(ev400, e78)

X; mig-2(muž8) X; unc-115(ky275) X. Transgenic strains used were kyIs262 ■ unc
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86::myr-GFP; odr-1::DsRed] IV; kyIs?99 ■ hsp16-2::unc-6::HA; unc-86::myr-GFP; odr

1::DsRed] X; kyEx710 ■ unc-86::GFP::unc-34; odr-1::DsRed]; kyEx682 ■ unc

86::GFP::actin; odr-1::DsRed]; kyEx926 ■ unc-86::MIG-10::YFP; odr-1::DsRed).

Germline transformation of C. elegans was performed as previously described

(Mello and Fire, 1995). All unc-86 promoter fusions were injected into N2 animals at 1

ng/ul, except unc-86::GFP:actin, , and unc-86::mig-10::GFP, which was injected at

0.5 ng/pull. odr-1::dsRed [50ng/pul) was used as a coinjection marker in all transgenic

strains.

Molecular biology

For HSN expression, all plasmids contained a 5kb fragment of the unc-86 promoter

(Baumeister et al., 1996) cloned into the ppD95.75 backbone. The C. elegans Src

myristoylation signal (GSCIGK) was inserted in frame at the N-terminus of GFP with

PCR primers and the resulting fusion was cloned into the AgeI/EcoRI sites of the

backbone. To generate unc-86::GFP::unc-34, GFP was inserted in frame by PCR N

terminal to the UNC-34 cDNA, and cloned into the KpnI site of the unc-86 promoter

backbone. GFP::actin (a gift of G. Seydoux) was amplified by PCR and cloned into the

unc-86 promoter backbone. To make hsp16-2::unc-6::HA, an unc-6 cDNA was cloned

into BamhI/KpnI sites of ppD49.78, and the first and second exons were replaced with a

Nhel/Sal■ fragment from plM97 containing the HA tag (Wadsworth et al., 1996). For

unc-86::mig-10::YFP, a mig-10 cDNA (a gift of Matthias Krause) was amplified by PCR

and cloned into the KpnI site of pSM-YFP containing the unc-86 promoter. Further

details of plasmid construction are available upon request.
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Population synchronization and developmental characterization

We observed HSN morphology mainly in anesthetized animals taken from

developmentally synchronized populations. The stages of HSN development described

here occur over the course of roughly 25 hours, and are essentially synchronous in wild

type individuals. Individual time periods of interest of up to four hours were also

observed by time-lapse live imaging of animals anaesthetized with tricaine/tetramisole

(Knobel et al., 1999), but longer periods of immobilization arrested HSN development.

Synchronized populations were obtained by pelleting gravid adults in a

microcentrifuge tube, then rotating them in a solution of 1M NaOH and 30% NaOCl for 5

minutes until only embryos remained. Embryos were washed three times in M9, then

allowed to hatch overnight in M9 without food, resulting in a synchronized population of

L1s, which were fed and grown at 25°C to specified developmental stages (Wood, 1987).

Control experiments with unstarved animals indicated that starvation did not alter HSN

development. The following characteristics were used to assess developmental age:

gonad size (early and late L2, early L3), distal tip cells turning dorsally (mid-L3), and

P6.p cell invagination (L3/L4 transition and mid-L4). These landmarks were also used

for staging mutant animals, to control for delayed development. All animals examined

were prepared using this starvation method except for those in Fig. 1C, in which eggs laid

overnight at 25°C were allowed to hatch for 10 minutes, and examined immediately.

Heat shock experiments

■ ºil
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For heat shock experiments, L1s were synchronized as described above and grown until

the specified developmental stage, all at 15°C. Wild-type animals expressing hs::unc

6::HA were grown at 15°C until L2, then shifted to 30°C for two hours, and returned to

15°C. Gonad morphology and axon guidance were assessed during the L4 stage. unc

6(ev400) and unc-40(e.271) animals expressing hs::unc-6::HA were grown until late L1

or early L2 at 15°C, then shifted to 30°C for two hours. HSN polarization was scored

blindly after 8 hours of recovery at 15°C, when the maximum difference was observed.

Western blotting

unc-6 kyIs?99 animals were grown at 15°C and either maintained at 15°C or shifted to

30°C for two hours and allowed to recover at 15°C for two hours. Approximately ten

animals of various ages were added to Laemmli buffer, boiled for 10 minutes, and spun

for 5 minutes. Supernatants were run on 10% SDS-PAGE. UNC-6-HA was detected

with an anti-HA antibody (Roche Diagnostics).

Light microscopy and quantification

Animals were immobilized using 5mm NaN3 in 2% agarose. For standard imaging,

populations of animals were examined on a Zeiss Axioplan■ l. Most single cell images

were taken on a BioFad MRC1024 confocal with a 63X objective, except for the images

in Fig. 2G, 2H, and Fig. 6, which were taken on a Zeiss LSM510. For quantification of

the MIG-10::YFP signal, stacks were collapsed into a single image using the sum

function in MetaMorph. A line was drawn around the cell periphery, and the linescan

function was used to calculate the intensity at each point. To calculate the intensity ratio,
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the perimeter of each cell was divided into two equal lengths (ventral and dorsal),

background was subtracted from each pixel, and the intensity of the pixels along the line

were added together.

Electron microscopy

Mid-L3 and L3/L4 transition kyIs262 animals were prepared for electron microscopy by

high pressure freezing using a Bal-Tec HPM 010 device followed by freeze-substitution

using 1% OsO4/0.1% uranyl acetate in 95% acetone/5% methanol on dry ice or with a

Leica AFS freeze-substitution device. The substituted samples were embedded in

Eponate 12 resin (Ted Pella, Inc.), sectioned with a Leica Ultracut T ultramicrotome,

stained with uranyl acetate and Sato's lead (Sato, 1968) and photographed using a JEOL

1200 EX/II operated at 80kV. Negatives were scanned with an Epson 1680 scanner and

the digitized images processed in Adobe Photoshop. Reconstructions from serial section

images were performed using the program Reconstruct (http://synapses.bu.edu).

Two L3 and a single L3/L4 HSN were reconstructed fully from EM sections.

Additional animals from both L3 and L3/L4 developmental stages were examined semi

serially. Notable features of the reconstructed cells were also observed in the other

series. Although basal bodies were not seen in HSN, they could be identified in adjacent

cells. Vesicles resembling synaptic vesicles were seen in neurites of both stages.
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Figure Legends

Figure 1. Development of HSN in wild-type animals.

(A) HSN expresses both UNC-40/DCC (blue) and SAX-3/Robo (red) receptors, which

guide the axon towards UNC-6/Netrin (blue) in the ventral nerve cord (VNC) and away

from SLT-1 (red) in dorsal body wall muscle.

(B) — (I) Lateral views of HSN in wild-type animals expressing unc-86::myr-GFP. The

PLM axon, which also expresses unc-86::myr-GFP, is visible in all pictures. In (C) — (I),

micrographs are paired with schematic representations.

(B) Late L4. Mature HSN morphology. Axon extends ventrally, then grows anteriorly,

and defasciculates from the ventral nerve cord to form synapses at the vulva. Scale bar,

10pm.

(C) Early L1. HSN extends filopodia in random directions (arrows).

(D) Early L2. HSN is polarized ventrally.

(E) Late L2. Ventral side of HSN has a dynamic leading edge.

(F) Early L3. HSN cell body has migrated ventrally, leaving a dorsal retraction fiber

(arrowhead).

(G) Mid-L3. HSN extends multiple neurites (arrows) toward the VNC (arrowhead).

(H) L3/L4 transition. One growth cone expands in size and others shrink.

(I) Mid-L4. The growth cone has turned anteriorly after reaching the VNC.

In all pictures, ventral is down and anterior is to the left. Scale bars (C) - (I), 5pm.
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Figure 2. HSN neurites are microtubule-containing, actin-rich structures.

(A and B) HSN reconstructions based on serial EM sections. (A) Mid-L3 HSN with

multiple neurites. The neurites are unusually anterior with respect to the cell body; Fig.

1G and 2G are more typical. (B) L3/L4 transition HSN with a single consolidated axon

similar to Fig. 1 H. The position and orientation of micrographs (C)-(F) are indicated by

the labeled vertical lines in each reconstruction. Anterior is to the left and ventral is

down. Scale bar, 5pm.

(C) - (F) Electron micrographs of HSN neurites. In each section, a red bar marks the

position of the HSN neurite. From left to right, each section includes muscle, basement

membrane, the HSN neurite, hypodermis, and cuticle.

(C and D) Sections of a neurite from (A). (C) Proximal region showing microtubules in

tangential view (arrows). Arrowheads span a stretch of basement membrane. (D) Distal

region enriched in filaments (arrowheads).

(E and F) Sections of a neurite from (B). (E) Proximal region containing microtubules in

tangential view (arrows) and ribosomes (fat arrows). (F) Distal region enriched in

filaments (arrowheads) and ribosomes (fat arrows). Dorsal is left and ventral is right. For

pseudocolored images showing boundaries between tissues, refer to Figure 7. Scale bar,

200 nm.

(G and H) HSN neurons expressing GFP-actin at mid-L3 (G) and L3/L4 transition (H).

Fluorescence is enriched in the distal regions of the neurites (arrowheads). Scale bar,

5pm.
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Figure 3. Netrin mutants have defects in axonogenesis.

Lateral views of HSN in wild-type, unc-6(ev400) and unc-40(e271) animals expressing

unc-86::myr-GFP.

(A) — (C) Early L2 animals. (A) Wild-type animal with polarized HSN. In unc-6(B), and

unc-40 (C) animals, HSN cell bodies are round and unpolarized.

(D) — (F) Mid-L3 animals. (D) Wild-type animal with multiple ventral neurites.

In unc-6 (E), and unc-40 (F) animals, HSN extends neurites in all directions.

(G) – (I) Early L4 animals. (G) Wild-type animal with a single growth cone that has

grown ventrally, then turned anteriorly. In unc-6 (H) and unc-40 (I) animals, the growth

cone extends anteriorly but lacks a ventral component. º

(J) Percentage of HSN neurons with a polarized morphology in early L2.
*

(K) Percentage of HSN neurons with ventral neurites in mid-L3. * --

(L) Percentage of HSN neurons with a single growth cone in mid-L4. ---

In (J)-(L), n>100 cells. In all pictures, ventral is down and anterior is to the left. Scale

bars, 5pm. º
---
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Figure 4. Heat-inducible expression of UNC-6/Netrin is sufficient to induce polarized

leading edge formation in HSN.

(A) Western blot with anti-HA antibody of unc-6(ev400) mutants expressing hs: unc

6::HA, raised at 15°C (–) or exposed to heat shock at 30°C for two hours (+).

(B and C) HSN morphology in wild-type L4 animals expressing hs: unc-6::HA. (B)

Control animal raised at 15°C, with wild-type HSN morphology. (C) Exposure to heat

shock causes axon wandering.

(D and E) Gonad morphogenesis in wild-type L4 animals expressing hs::unc-6::HA. (D)

Control animal raised at 15°C, with wild-type gonad morphology. (E) Exposure to heat

shock causes abnormal gonad morphology, marked by clear area (arrows). Asterisks

indicate the position of the developing vulva.

(F and G) HSN in early L2 unc-6 mutants expressing hs::unc-6::HA (same stage as

animals in Figure 3B and 3C). (F) Control animal raised at 15°C, with unpolarized HSN

morphology. (G) Animal exposed to 2 hour heat shock during late L1 and imaged during

early L2. The HSN has a polarized leading edge, but it is oriented in the wrong direction

(posterior).

(H) unc-40-dependent effects of hs::unc-6::HA. Percentage of polarized HSNs in

populations either raised at 15°C or exposed to heat shock. Asterisks denote statistical

significance (P<0.001) as determined by the t-test for proportions. For each condition,

n>100 cells. The polarization defect in unc-6 and unc-40 animals was less severe in these

experiments, possibly due to the animals being raised at 15°C instead of 25°C.

In all pictures, anterior is to the left and ventral is down. Scale bars, (D) and (E), 10pm;

(F) and (G), 5pm.
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Figure 5. UNC-34/Ena and MIG-10/Lpd are required for HSN polarization.

Lateral views of wild-type, unc-34(gm 104), and mig-10(ct41) animals expressing unc

86::myr-GFP.

(A) - (D) Early L2 animals. (A) Wild-type HSN. In unc-34 (B) and mig-10 (C) animals,

HSN has an unpolarized morphology. (D) Percentage of HSNs with polarized

morphology.

(E) - (H) Mid-L3 animals. (E) Wild-type HSN. In unc-34 (F) and mig-10 (G) HSN

extends neurites ventrally. (H) Percentage of HSNs with ventral neurites.

In all pictures, ventral is down and anterior is to the left. In (C), (F), and (I), n>100 cells.

Scale bars, 5pm.
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Figure 6. MIG-10::YFP localizes ventrally in a netrin-dependent manner

Lateral views of L3 stage animals expressing unc-86::GFP::mig-10. Traces are sample

line-scan intensity plots (in arbitrary units) of the YFP signal around the periphery of the

cell shown, beginning at the arrowhead and moving clockwise. IR, intensity ratio for the

cell shown.

(A) Wild-type animal; (B) mig-10 animal; (C) unc-6 animal; (D) unc-40 animal; (E) unc

34 animal; (F) age-1 animal; (G) daf-18 animal. (H) Intensity ratios of MIG-10::YFP

signal. Ratio was calculated as the intensity of the ventral half of the perimeter divided by

the dorsal half (n=9 to 14 cells for each genotype). By Bonferroni t-tests (p<0.05), N2,

mig-10 and unc-34 were indistinguishable, unc-6, unc-40 and daf-18 were highly

defective, and age-1 was intermediate.

In all pictures, ventral is down and anterior is to the left. Scale bar, 5pm.
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Figure 7. Anatomical context of HSN.

(A) Cross-section schematic of HSN, and (B) Electron micrograph pseudocolored to

show different tissues. The HSN process extends between the body wall muscle

basement membrane and the hypodermal cell. HSN (purple); Hyp, hypodermal cell

(gray); RVNC, right ventral nerve cord (orange); BWMu, body wall muscle cells (green).

Scale bar, l pum.

(C) - (F) are identical panels to those in Figure 2, pseudocolored as above to show

borders between tissues.
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Figure 8. Effects of genes functioning downstream of UNC-40 on HSN development.

(A) Percentage of L2 stage animals with polarized HSNs.

(B) Percentage of mid-L3 stage animals with ventral neurites.

For each condition, n>100 cells.
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Chapter 4

Conclusions and Future Directions
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Overview

We have established a system for observing growth cone formation in vivo.

Expression of a myristoylated-GFP in specifically in the HSN motorneuron allowed us to

monitor changes in cell morphology as the neuron developed. With this marker, we

observed a sequence of morphological changes that occurred at specific times during

development. Analysis of HSN development in mutant animals lacking unc-6/Netrin, the

receptor unc-40/DCC, or components of the netrin signaling pathway demonstrated that

netrin acted much earlier than previously thought, to polarize HSN prior to growth cone

formation. We also identified MIG-10/Lamellipodin as a sensor of spatially restricted

netrin signaling. The PH domain of MIG-10 binds PI(3,4)P,. Using MIG-10 localization,
we implicated AGE-1/PI3K and DAF-18/PTEN in the restriction of netrin signaling. Our

results suggest that neurons can respond to chemotactic cues in their environment to

induce polarization and orient the initial trajectory of growth cone formation.

This system represents the first in vivo imaging of molecules during growth cone

formation, and provides a framework for understanding some of the molecular factors

that control axonogenesis. Many questions are raised by our findings. First, it is critical to

elucidate the cell biological mechanisms by which the downstream effectors of netrin

cooperate to generate both polarization of neurons and ventrally restricted neurite

formation. The cell biology underlying dynamic responses to axon guidance molecules

are very poorly understood. Also, we would like to understand the process of stabilizing a

single growth cone. Most importantly, we need to begin asking how neurons interpret

environmental information to orient their axons and properly establish polarity in vivo.
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What is polarized by netrin during HSN development?

Netrin is able to remodel the cytoskeleton to elicit polarization of spherically

symmetrical cells and growth cone turning or repulsion. Neurons and growth cones, like

chemotaxing Dictyostelium and neutrophils, must amplify small extracellular gradients

into steeper intracellular gradients to create an all-or-none leading edge. In other systems,

localized signal amplification is generated by restricting active signaling complexes to

the leading edge of the cell, and globally inhibiting them elsewhere (Weiner, 2002).

Given our results implicating components of lipid signaling in the response to netrin, we

think that similar mechanisms are likely to operate in HSN during its development.

In wild-type animals, HSN polarizes ventrally shortly after hatching. Localized

activation of metrin signaling on the ventral side of the cell may stabilize filopodia

extending up the gradient, and destabilize those extending dorsally. Filopodia

stabilization could also be influenced by the SLT-1 on the dorsal side of HSN. Time

lapse imaging of filopodia lifetime during Ll in wild-type animals and slt-1 mutant

animals would resolve this question. Alternatively, the netrin gradient could be

relocalizing organelles such as centrosomes ventrally. In vitro, the position of initial

neurite formation has been shown to depend on the position of the centrosome, which is

determined by the plane of the final cell division (de Anda et al., 2005). Because HSN

migrates anteriorly, a process that involves centrosomal motility, and then reorients

ventrally toward netrin, this kind of mechanism is unlikely to function in HSN, but could

exist in other cell types.

During the L3 stage, when HSN is extending multiple neurites ventrally, we

found that neurite outgrowth did not depend on netrin. However, the positioning of
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neurites relied entirely on netrin. Activation of the MIG-10/UNC-34 complex may play a

significant role at this stage: localizing MIG-10 to the ventral side of HSN could recruit

and activate UNC-34 at the ventral side of the cell, and promote local filopodia

formation.

MIG-10 localization depends on the presence of PI(3,4)P, generated by PI3

kinase. In other systems, PI3-kinase is activated downstream of either G-protein couple

receptors or receptor tyrosine kinases, but whether AGE-1 is activated directly by UNC

40/DCC, or by other mechanisms, is unclear. Because MIG-10 localization is so robust, it

could be used to screen candidate molecules; mutants that disrupt this localization pattern

should be involved in lipid signaling. It will be interesting to understand exactly how

lipid signaling functions in HSN to restrict the localization of MIG-10. In Dictyostelium,

PI3-kinase localizes to the leading edge of a chemotaxing cell, and PTEN localizes to the

sides and the trailing edge. Together, these two enzymes maintain spatially localized

phospholipids at the leading edge (Funamoto et al., 2002; Iijima and Devreotes, 2002).

GFP/RFP fusions to AGE-1 and DAF-18 should demonstrate whether these enzymes

exhibit dynamic or spatially restricted localization patterns in HSN.

The cell biology of netrin signaling

Although netrin is predicted to form a gradient emanating from the ventral nerve

cord and the floor plate of the spinal cord, antibody staining of C. elegans has not yet

demonstrated that UNC-6 forms a gradient. However, because HSN is not contacting the

ventral nerve cord during its initial outgrowth, our results indicate that UNC-6 functions

as a long-range cue.

:. --j* "A.
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Signaling downstream of netrin must be asymmetric toward the ventral source,

but it is not clear how this is asymmetry achieved. The localization of UNC-40 during

outgrowth is unknown. HSN is an ideal system for addressing this question, since it

responds primarily to UNC-6. One possibility is that UNC-40 could be asymmetrically

localized during outgrowth; obtaining a rescuing GFP-tagged version of UNC-40 and

observing it during HSN development would address this issue. Surface expression of

UNC-40 could also be regulated. During border cell migration in Drosophila, the E3

ubiquitin ligase Cbl has been shown to be critical for accurate spatial localization of the

receptor tyrosine kinases required for migration (Jekely et al., 2005). A similar

mechanism could be operating downstream of netrin. One effector of UNC-40 signaling

is a putative E3 ubiquitin ligase, BAD-1, which is predicted to promote cellular

responsiveness to netrin (Hao et al., submitted). Alternatively, spatial restriction of

downstream signaling components could be the source of asymmetry. GFP-tagging of

these effectors may shed light on this issue.

Development of better labeling techniques for imaging the cytoskeleton would

elucidate the regulation of cytoskeletal dynamics during UNC-6-induced polarization and

attraction. More effective and unobtrusive methods of labeling specific components of

the cytoskeleton might identify aspects of local cytoskeletal dynamics during the netrin

response. Direct labeling of actin monomers with GFP caused widespread defects in HSN

morphology. However, tagging actin-binding proteins such as O-actinin or moesin may

provide clearer visualization of actin filaments without disrupting normal regulation.

Additionally, labeling microtubule-binding proteins that bind either along the entire

filament like MAP1B, or at microtubule ends like CLIP-170, might highlight aspects of
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microtubule organization downstream of metrin. Comparing localization of these kinds of

proteins during outgrowth in wild-type and mutant animals may identify pathways for

cytoskeletal regulation.

Another potential source of regulation is local translation, which is required for

the proper response to netrin-1 (Campbell and Holt, 2001). We observed many ribosomes

in the ventrally-directed growth cones in HSN (Chapter 3), suggesting that local

translation is likely to occur in vivo as well. Although the products of this local

translation have yet to be identified, likely candidates are mRNAs for cytoskeletal genes

such as actin that are necessary at the distal tips of growth cones for elongation of axons.

In growth cones exposed to the repulsive cue Sema3A, local translation of RhoA was
-

recently shown to be essential for growth cone collapse (Wu et al., 2005).

Cell-type specifici

How broad is the role of netrin in polarizing neurons prior to growth cone

formation? Many cell types respond to netrin, including retinal ganglion cells (RGCs),

and commissural neurons in vertebrates and nematodes (Deiner et al., 1997; Ishii et al.,

1992; Serafini et al., 1996). It is not known whether these particular cell types exhibit a

response to netrin earlier in their development. We investigated this by developing an in

vitro assay for axon formation in RGCs (Appendix 1). RGCs grow toward the optic nerve

head, where netrin-1 is produced (Deiner et al., 1997), and express DCC at early stages in

their development (Gad et al., 2000). Additionally, it has been shown that these cells

initially polarize in the direction that the growth cone will eventually extend (Halfter et
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al., 1985). In our in vitro assay, uniform concentrations of netrin-1 are sufficient to

stimulate axon formation.

To prove that netrin is affecting polarization, the most important modification to

this system would be to provide netrin in a localized manner. Thus, if netrin is sufficient

to induce axon formation, the majority of the axons should be directed toward the source.

This kind of experiment could also be done in rat spinal cord explants, where

commissural neurons can be transfected with GFP, and presented with a localized source

of netrin in a collagen matrix (Charron et al., 2003). If the explants are removed before

the neurons develop growth cones, it will be possible to assess whether the initial

direction of growth might be regulated by netrin.

How is a single growth cone established?

In cultured hippocampal neurons, one of the earliest manifestations of neuronal

polarity is the transition from a cell that extends several apparently equivalent neurites to

a cell that has a single axon with a larger growth cone at its distal tip and also contains

axon-specific proteins. This transition is regulated by cell-intrinsic proteins, and the

future axon is distinguished from the other neurites by an increase in actin cytoskeletal

dynamics, thought to allow microtubules to protrude further into the neurite (Bradke and

Dotti, 1999). We believe that in HSN, the transition from a neuron extending multiple

neurites to one with a single growth cone is analogous to this observed stage in culture.

However, ultrastructural analysis of the actin and microtubule cytoskeletons of these

neurites and growth cones both before and after consolidation failed to identify a

difference at this level. Subtle or transient differences in cytoskeletal stability or
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dynamics could explain this observation. More specific methods of labeling cytoskeletal

components (such as GFP-fusions that recognize acetylated versus tyrosinated tubulin,

markers of stable and unstable pools of microtubules) would resolve this question.

We ruled out two additional factors that could control this transition by analyzing

mutant animals. First, stabilization of a single growth cone does not require activation of

netrin signaling, as the timing of consolidation occurs at the same exact time in unc-6 and

unc-40 mutant animals as it does in wild-type animals. Second, stabilization does not

depend on contact with the ventral nerve cord, as the multiple growth cones in netrin

mutant animals fail to reach the ventral nerve cord.

Thus, consolidation of a single growth cone at this stage of HSN development
-

must be controlled by other factors. We observed a dramatic increase in cytoskeletal

activity at identical stages in both wild-type and netrin mutant animals. This suggests that

netrin-independent pathways regulate motility at this stage. One strong possibility for a

potential regulator of global developmental changes is the heterochronic pathway. In C.

elegans, heterochronic genes are known to regulate the coordinated timing of various

developmental events during larval development (Ambros, 2000). Mutants in these genes

result in either precocious or retarded developmental events. To further understand

whether HSN development is regulated by the heterochronic pathway, HSN development

could be observed in mutants in the heterochronic pathway, such as lin-4, lin-14, let-7,

and lin-28.

Ideally, an unbiased approach to identify molecules required for the selection of

one axon would be an ideal way to understand what regulates axon consolidation in vivo.

A genetic screen could be performed looking for adult animals with more than one axon

s *
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extending from HSN. This could potentially yield mutants affecting the selection of a

single axon, but mutants in genes affecting such an essential process might be lethal. If

cell-specific methods of knocking out the function of particular genes such as the

MARCM system in Drosophila (Lee and Luo, 2001) become available in C. elegans, this

kind of screen would be feasible.

Lipid signaling could regulate axon number

Our work suggests that axon formation may be controlled by the specific

activation of signaling pathways within HSN. We have shown that MIG-10 is a sensor of

the leading edge. In chemotaxing cells such as neutrophils, PI3-kinase and Rac restici
actin polymerization to the leading edge through a positive feedback loop (Weiner et al.,

2002). It is possible that a similar mechanism is acting in HSN to maintain a single

growth cone or axon. In the presence of broadly expressed hs::UNC-6::HA, observation

of the MIG-10 localization pattern may identify whether there is a positive feedback loop

in HSN. If MIG-10 still localizes to a confined region of the cell periphery (although

randomly positioned), this would suggest that HSN is able to stabilize a single leading

edge and may have a functional positive feedback loop. Potential regulators of this

feedback loop would be CED-10/Rac, AGE-1/PI3-kinase, and DAF-18/PTEN. If these

molecules are required for maintaining a single leading edge in HSN, examination of

age-1, daf-18, and ced-10 mutant animals expressing heat shock UNC-6 should generate

both multiple axons and a broader distribution of MIG-10 localization.

Perturbation of lipid signaling in hippocampal neurons also leads to the formation

of extra axons (Jiang et al., 2005; Menager et al., 2004; Shi et al., 2003). However, it is
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unclear how lipid signaling might be regulated by extracellular cues in hippocampal

IleuTOnS.

Understanding axonogenesis and polarity development in vivo

While it is important to understand the cell-intrinsic components that may

participate in the regulation of neuron morphology, it is unclear how environmental

factors surrounding a developing neuron may control its eventual morphology.

Considerable effort has been dedicated to identifying the extracellular molecules that are

important for axon guidance in vivo, but there have been very few studies investigains
earlier steps of polarization. One study describes a culture system that is designed to

mimic the in vivo environment of a developing neuron by culturing dissociated neurons

on cortical slices, thus creating a much more complex environment than a uniform culture

dish (Polleux and Ghosh, 2002). Using this system, the axon guidance molecule

Semaphorin3A was shown to pattern the orientation of axons and dendrites in cortical

pyramidal cells (Polleux et al., 2000). Adaptations of this kind of system for studying

polarity establishment in different regions of the brain, particularly in the hippocampus,

where many intracellular signaling pathways have already been described, should be very

informative. Axon guidance molecules and their receptors (including Netrin-1, Slit2,

Sema3A and Sema3C) are expressed in complex patterns within the hippocampus

(Skutella and Nitsch, 2001). These represent excellent candidates for initial investigation

of this question.
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Due to difficulties with visualization techniques, observing these early events

during neuronal development in vivo has not been attempted. Axonogenesis occurs

embryonically, making in vivo imaging extremely difficult. However, with the continued

improvement of imaging and transfection techniques, this problem may be overcome. In

utero transfection of GFP into the embryonic rat cortex has facilitated imaging of

neuronal migration in the cortex (Sanada et al., 2004), and the MARCM system has been

adapted for labeling neurons in the mouse brain (Zong et al., 2005). Thus, it may be

possible to express particular markers of polarity in vivo to begin to understand this

process.

An additional level of complication for neuronal development in vivo that we do

not understand presently is the nature of physical obstacles and substrates for axon

outgrowth, which can influence cell morphology. Few attempts have been made to

understand the role of large-scale anatomy in neuronal development. This question needs

to be asked in a system that has both extremely well-described anatomy and the ability to

image single cells in vivo; with some minor improvements in imaging techniques, C.

elegans is the ideal system for approaching this problem.

Regulation of neuronal morphology

How does the nervous system generate such vast diversity in neuronal

morphology? Neurons can be unipolar, bipolar, or multipolar, and exhibit dramatic

differences in shape and size. Neuronal morphology is tightly linked to cellular function:

axons must extend over long distances to find their appropriate synaptic partners, and
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dendritic fields must be tiled accurately to interpret sensory information. Most `…
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importantly, neurons must form the proper connections with upstream and downstream º º
*-

targets in order to form functional neural circuits. Morphological diversity might be

controlled by cell fate decisions, and thus may be dependent on transcriptional programs

that occur downstream of different cell fate programs. Our work suggests that another

source of variation in morphology is molecules in the environment surrounding a

developing neuron. Further work will demonstrate whether extracellular molecules have

the potential to regulate polarization and possibly axonogenesis in other systems as well.
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Netrin Promotes Axon Formation in Rat Embryonic Retinal Ganglion Cells :
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*
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Retinal ganglion cells (RGCs) have been a powerful system for understanding the

molecular and anatomical aspects of axon guidance. RGCs are the first neurons to

differentiate in the eye. The axons of RGCs follow a complex trajectory, initiating from

the cell bodies located in the peripheral retina, then extending toward the optic nerve

head, and ultimately converging and growing through the optic nerve. RGC axons

terminate and form synapses in the tectum (Oster and Sretavan, 2003). Guidance of RGC

growth cones toward the optic nerve head is mediated by attraction toward Netrin-1

(expressed in the optic nerve head) and repulsion away from chondroitin sulfate

(expressed in the peripheral retina) (Brittis et al., 1992; Deiner et al., 1997). Even though

the RGCs are located some distance away from the source of netrin-1 at the optic nerve

head, they express the attractive netrin receptor DCC well before the time of growth cone

establishment (Gad et al., 2000). Prior to growth cone formation, avian RGCs appear to

be oriented toward the optic nerve head (Halfter et al., 1985). These results suggested the

possibility that netrin could act as an endogenous stimulus for RGC polarization and

orientation.

To what extent might netrin affect neurite formation in cells other than HSN'?

Axon formation in cultured neurons has generally been viewed as a default state intrinsic

to all neurons, but recent results indicate that specific neurotrophic factors stimulate the

formation and elongation of axons in cultured rat retinal ganglion cells (RGCs) (Goldberg

et al., 2002).

To ask whether netrin might stimulate axon formation in this cell type, we added

netrin-1 to dissociated RGCs in the absence of any additional trophic support (Goldberg

et al., 2002), and assessed the proportion of cells bearing axons. These neurons were
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isolated from E15–E16 animals, because at this stage, most of the RGCs in vivo had not

yet extended axons. Neurons were protected from undergoing apoptosis by adding the

caspase inhibitor Q-VD-OPH to the culture media, allowing the survival of

approximately 30% of the dissociated cells, but only 16% of the surviving cells formed

distinct axons (n=63 cells). Addition of netrin-1 to the culture medium stimulated the

formation of axons by two-fold to 37% (Figure 1; n=70 cells, P-0.01 by the Chi-square

test). Thus, in vitro as well as in vivo, netrin can stimulate axon formation in cells that

express its attractive receptor DCC.

Methods

Retinas were dissected from E15-16 Sprague-Dawley pregnant rats (Simonsen

Labs, Gilroy, CA), and dissociated (Goldberg et al., 2002). The dissociated cells were

plated at clonal density (1000 cells/well in a 24-well culture dish) and cultured on poly

D-lysine (10pg/mL; Sigma) and laminin (1 mg/mL) coated coverslips and cultured for

two days in Neurobasal media, containing one or more of the following additions: BDNF

(50ng/mL); CNTF (10ng/mL; both from Regeneron Pharmaceuticals); insulin (5pg/mL;

Sigma); forskolin (5p1NM; Sigma); Q-VD-OPH (10MM; Enzyme Systems); Chicken

Netrin-1 (250ng/mL or 500ng/mL, R&D Biosystems); anti-DCC antibody (AF5,

Calbiochem). Coverslips were fixed in 4% PFA and stained using standard

immunohistochemistry techniques with Brn3b (Santa Cruz) and Pgp9.5 (Chemicon), and

Alexa-conjugated secondary antibodies (Molecular Probes).
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Figure Legend

Netrin can stimulate axon formation in dissociated retinal ganglion cells

Typical rat E16 retinal ganglion cells cultured in the presence of the caspase inhibitor

QVD-OPH, Netrin-1, and forskolin, or RGC growth media (positive control), and stained

with DAPI, anti-PgP9.5 (cytoplasm), and anti-Brn3b (RGC-specific marker). Yellow

arrowheads point to RGC cell bodies.
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Figure 1
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Appendix 2

UNC-34/Enabled and MIG-10/Lamellipodin are required for localized filopodia

formation

120



In cultured hippocampal growth cones, UNC-34/Enabled is sufficient to induce

filopodia formation (Lebrand et al., 2004). MIG-10/Lamellipodin interacts with Mena

through its EVH1 domain, and targeted localization of Lamellipodin to mitochondria can

recruit Mena to mitochondria in fibroblasts (Krause et al., 2004). Because mutations in

either of these genes cause phenotypes in HSN polarization (Chapter 3), we looked for

additional defects in cell morphology at intermediate stages of HSN development. During

the late L2 stage, HSN extends a large leading edge that generates dynamic filopodia

(Figure 1A). unc-34 mutant animals still extend a leading edge ventrally, indicating that

HSN still responds to UNC-6. However, the leading edge lacks all filopodia, and has a

smooth appearance (Figure 1B). mig-10 mutant animals also responded to UNC-6, as

they generate a ventral leading edge, but exhibited fewer filopodia (Figure 1C and 1D).

Occasionally filopodia were seen extending from the dorsal side of the cell body, a

phenotype that was almost never observed in wild-type animals. Quantification of the

average number of filopodia per HSN showed that wild-type animals generated

approximately two filopodia per cell, while unc-34 mutants had a ten-fold decrease in

filopodia, and mig-10 animals had an intermediate defect (Figure 1D). These results

support a role for UNC-34 in the machinery to create filopodia and MIG-10 in proper

localization of filopodia.

To ask whether UNC-34 functioned cell-autonomously in HSN to generate

filopodia, we constructed a GFP:UNC-34 fusion expressed in HSN (Chang et al., in

preparation). This transgene caused a dramatic morphology change as compared to the

myr-GFP alone (Figure 2A and 2B). It induced the formation of many spikes extending
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from the cell body in both wild-type and unc-34 mutant animals (Figure 2B and 2C),

indicative of an overexpression phenotype. Furthermore, the GFP:UNC-34 could be seen

enriched at the tips of these filopodia, matching the localization pattern in growth cones

in culture (Lanier et al., 1999).

To understand the role of MIG-10 in UNC-34-induced filopodia formation, we

introduced the GFP:UNC-34 transgene into mig-10 null mutant animals. Loss of mig-10

protein completely suppressed ectopic filopodia formation (Figure 2D). This result

suggests that MIG-10 is required for UNC-34 to generate filopodia, consistent with a

model for MIG-10 recruiting UNC-34 to the plasma membrane via its binding to

PI(3,4)P2. Thus, relocalization of UNC-34 from the cytosol to the membrane through its

interaction with MIG-10 is critical for filopodia formation.

Because the unc-34; mig-10 double mutant was synthetic lethal (Chang et al., in

preparation; Quinn and Wadsworth, in preparation) it was not possible to analyze HSN

morphology in the absence of both genes.
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Figure Legends

Figure 1. UNC-34 and MIG-10 are required for localizing filopodia formation in HSN.

HSN morphology in late L2 stage animals, visualized by unc-86::myr-GFP.

(A) Wild-type animal, with a leading edge extending filopodia (arrowheads).

(B) unc-34(gm 104) animal with a smooth leading edge.

(C) mig-10(ct41) animal extending a single, aberrant filopodium (arrowhead).

(D) Quantification of the number of filopodia per HSN. For each genotype, n>150 cells.

In all pictures, ventral is down and anterior is to the left. Scale bar = 5pm.
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Figure 2. MIG-10 is required for ectopically-induced filopodia formation.

HSN morphology in late L2 stage animals.

(A) Wild-type animal expressing unc-86::myr-GFP and extending filopodia.

(B) — (D) HSN morphology in animals expressing unc-86::GFP:UNC-34.

(B) Wild-type animal with multiple neurites. GFP:UNC-34 is enriched at the distal tips

(arrowheads).

(C) unc-34(gm/04) animal with multiple neurites. GFP:UNC-34 is enriched at the distal

tips (arrowhead).

(D) mig-10(ct41) animal with no ectopic neurites.

In all pictures, ventral is down and anterior is to the left. Scale bar = 5pm.
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