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Genetic Analysis of Axon Guidance and Branching in C. elegans
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Joe C. Hao

Thesis advisors: Cori Bargmann and Marc Tessier-Lavigne

Abstract

The regulation of axon guidance and axon branch formation is critical for the

proper wiring of the nervous system during development. Axons are guided to their

targets by conserved families of extracellular guidance cues. In C. elegans, the SLT

1/Slit ligand directs ventral axon guidance and guidance at the midline. In larvae, dorsal

SLT-1 expression repels axons ventrally through the SAX-3/Robo receptor, in parallel

with the UNC-6/Netrin ventral attractant. slt-1 is also required for the anterior-posterior

guidance of migrating neurons. Surprisingly, slt-1 mutants do not exhibit all of the

defects observed in sax-3 mutants, suggesting that some SAX-3 functions may be

independent of SLT-1.

Although several positive and negative regulators of axon guidance have been

identified, little is known about the molecular mechanisms that control axon branch

formation or extension. Screens for mutants with defects in the branching of the C.

elegans ADL sensory neurons identified bad genes required for either general or specific

branching decisions throughout development. bad-1, unc-6/Netrin, and unc-40/DCC are

required for the formation of an ADL ventral branch and for the guidance of its primary
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axon, while bad-3 and unc-51 are specifically involved in ventral branch formation.

ADL dorsal branch formation requires the function of bad-2, unc-33, unc-44, unc-119,

and lin-11. bad-4 and unc-34, as well as four other genes, promote the formation of both

ADL branches. Several of these genes are also required for ventral axon guidance,

suggesting that common molecular mechanisms may underlie axon guidance and

branching.

An examination of the functions of bad-1 in axon guidance and branching

revealed that it acts in concert with unc-6 and unc-40 in attractive guidance, but does not

contribute to unc-6, unc-40, and unc-5-mediated repulsion. Within the ADL neuron, both

BAD-1 and UNC-40 proteins preferentially localize to the ventral axon branch.

Overexpression of BAD-1 induces Netrin-dependent attraction in the ALM neuron,

which expresses UNC-40 but is normally insensitive to UNC-6. bad-1 encodes a multi

domain cytoplasmic protein belonging to the tripartite motif (TRIM) family of proteins.

These results suggest that BAD-1 functions as a signaling component that specifies and

promotes Netrin-mediated attraction and branching.

ee~
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Overview

The correct wiring of the nervous system during development requires the precise

navigation of axons through complex environments. Axons are guided to their targets by

a highly motile actin-based structure at their leading edge called the growth cone (Bray

and Hollenbeck, 1988). Four prominent families of extracellular guidance cues, the

Netrins, Slits, Semaphorins, and Ephrins, attract or repel growth cones and can function

either at close range or over a distance (Dickson, 2002). Many guidance cues are

multifunctional and mediate axon attraction, repulsion, or branch formation.

Furthermore, many cues are evolutionarily conserved, both in structure and in function,

between invertebrates and vertebrates.

This thesis describes a genetic approach in C. elegans to identify and characterize

molecules involved in the initial guidance of axons and in the subsequent branching of

those axons to innervate multiple targets. Chapter 1 presents an introduction reviewing

Slit- and Netrin-mediated axon guidance (Part I), which is the focus of the work

described in Chapters 2 and 4, respectively. I will then summarize the current status of

knowledge about the phenomenology and molecular mechanisms thought to control axon

branch formation (Part II), which is the focus of the work described in Chapter 3.

Chapter 2 describes the characterization of the C. elegans Slit homolog (SLT-1), using

both loss-of-function and gain-of-function approaches. Slt-1 is required for multiple

guidance decisions along both the dorsal-ventral and anterior-posterior axes in C. elegans

and acts through the SAX-3/Robo receptor. Chapter 3 presents a genetic screen for

mutants with defects in axon branch formation (bad mutants) and a survey of known

axon guidance mutants for branching defects. The characterization of these genes



revealed their requirement in either general or specific branching decisions throughout

development. Several bad genes also function in axon guidance, suggesting that common

molecular mechanisms may underlie both guidance and branching. Chapter 4 describes

the cloning and characterization of BAD-1, a multi-domain cytoplasmic protein related to

the mammalian tripartite motif (TRIM) protein family. bad-1, unc-6/Netrin, and unc

40/DCC are required for axon branch formation in multiple neurons, and these three

genes act in the same pathway to mediate attractive guidance. bad-1 does not contribute

to Netrin-mediated repulsion or outgrowth, however, indicating that it is the first gene to

act purely in the attractive responses to Netrin. Chapter 5 presents a perspective on future

experiments suggested by this work. Results from preliminary experiments that others

may wish to extend are described in the Appendices.



Part I. Regulation of axon guidance by Slits and Netrins

The Slit pathway

Slits are large, modular extracellular proteins that signal through the Roundabout

(Robo) family of guidance receptors. Robo was first identified in a genetic screen in

Drosophila as a regulator of axon guidance at the midline (Seeger et al., 1993). Axons

approaching the midline make divergent choices: some axons cross the midline while

other axons do not cross but instead remain on the ipsilateral side. Normally, axons that

cross the midline do so only once, but in robo mutants, axons repeatedly cross and re

cross the midline (Seeger et al., 1993). Robo was found to encode a transmembranne

receptor and a member of the immunoglobulin superfamily (Kidd et al., 1998). Several

lines of evidence from studies in Drosophila suggest that Robo acts as a receptor for a

midline repellent. First, Robo protein expression on an axon is correlated with its * *

inability to cross the midline. Thus, Robo protein levels are high on longitudinal axons rº
º

that never cross the midline from the start, while commissural axons express Robo only 2
* : *

after crossing the midline (Kidd et al., 1998). Second, the midline crossing defects in ■
º

robo mutants can be rescued by transgenic expression of Robo in the neurons themselves -
(Kidd et al., 1998). These findings provide strong evidence that Robo acts cell

autonomously in neurons as a repulsive receptor to regulate midline guidance.

SAX-3, the C. elegans homolog of Robo, was independently identified in a

genetic screen for mutations that disrupt the formation of the nerve ring, a large neuropil

in the head of the animal (Zallen et al., 1998). Like Robo, sax-3 prevents inappropriate

axon crossing at the midline. sax-3 mutants exhibit defects in the ventral guidance of

axons to the midline, suggesting that Robo family members are involved in additional



guidance decisions (Zallen et al., 1998, 1999). In the nerve ring, SAX-3 is required to

initially direct amphid sensory axons ventrally to the nerve ring entry point, and then to

prevent these axons from wandering into the region anterior of the nerve ring (Zallen et

al., 1999). Cell-specific rescue experiments indicate that SAX-3 functions cell

autonomously in ventral guidance (Zallen et al., 1999), consistent with its role as a

receptor.

The Slit family of secreted proteins are ligands for the Robo receptor in both

Drosophila and vertebrates (Brose et al., 1999; Kidd et al., 1999). Slit was first identified *

in Drosophila as an extracellular protein containing four leucine-rich repeats, seven EGF *

repeats, and a cysteine knot (Rothberg et al., 1990). Based on its domain structure,

expression pattern, and mutant phenotype, Slit was proposed to function in the patterning

of the fly midline. Slit is expressed by midline glial cells and associates with the ... -->

extracellular matrix (Rothberg et al., 1990). In slit mutants, rather than crossing the rº-"

midline, all axons collapse onto the midline and remain there as one large axon bundle º
*

(Rothberg et al., 1990). Because this dramatic phenotype is not observed in robo mutants dº
and early analyses of the slit phenotype suggested that axon misguidance was a ~
secondary defect due to the loss of midline glial cells (Rothberg et al., 1990), a

connection between Slit and Robo was not made initially. However, a more detailed

analysis of the midline in slit mutants revealed that the glial cells were indeed present at

early times (Sonnenfeld and Jacobs, 1994), indicating that the axon defects at the midline

could reflect primary axon guidance defects.

It is now believed that the presence of two additional Robo receptors, Robo2 and

Robo:3, help explain the difference between the slit and robo mutant phenotypes.



Consistent with this model, robo; robo2 double mutants have a midline defect that

resembles the slit mutant phenotype (Rajagopalan et al., 2000b; Simpson et al., 2000b).

The three Robo receptors also specify the lateral positions of longitudinal tracts with

respect to the midline, presumably in response to a gradient of Slit activity emanating

from the midline (Rajagopalan et al., 2000a; Simpson et al., 2000a). Different axon

bundles occupy medial, intermediate, and lateral positions with respect to the midline,

and the Robos are expressed in partially overlapping subsets of these longitudinal tracts.

The disruption or ectopic expression of Robo.2 or Robo:3 shifts axons either towards or

away from the midline, respectively (Rajagopalan et al., 2000a; Simpson et al., 2000a).

Thus, the combinatorial expression of the three Robos allows axons to select specific

longitudinal pathways.

The regulation of Robo receptor localization is important for proper axon crossing

at the midline. Robo mRNA is present in neurons when they initially cross the midline,

but the Robo protein is expressed at high levels only after crossing (Kidd et al., 1998).

Although Robo protein is also synthesized before crossing, the protein encoded by the

commissureless (comm) gene acts as an intracellular sorting receptor for Robo by

apparently preventing its delivery to the growth cone (Keleman et al., 2002). The newly

synthesized Robo is thought to be targeted for lysosomal degradation instead (Myat et al.,

2002). Once an axon has crossed the midline, Comm appears to be inactivated, allowing

Robo to be delivered to the growth cone and respond to Slit. Thus, it is the trafficking

and localization of the Robo receptor, not its local synthesis or activity, that is precisely

regulated during midline crossing. This mechanism may also apply to Robo.2 and Robo:3,

which are also down-regulated during midline crossing and must be up-regulated after



crossing for axons to choose their appropriate longitudinal tracts (Rajagopalan et al.,

2000a; Simpson et al., 2000a).

To date, three mammalian Robo homologs, Robol, Robo2, and Rigl, and three

Slit homologs, Slitl, Slit2, and Slit?, have been identified (Brose et al., 1999; Li et al.,

1999; Yuan et al., 1999). Mammalian Robo and Slit genes are expressed in

complementary patterns in the developing spinal cord (Brose et al., 1999). In particular,

all three Slit genes are expressed by floor plate cells located at the ventral midline (Brose

et al., 1999). Different portions of Slit proteins may also perform distinct physiological *

functions. For example, Slit2 is proteolytically cleaved into two fragments: a 140 kDa .
* -

amino-terminal fragment (Slit2-N) and a 55-60 kDa carboxyl-terminal fragment (Slit2-C)

(Brose et al., 1999; Wang et al., 1999). The putative cleavage site in Slitz occurs

between the fifth and sixth EGF repeats (Brose et al., 1999). Full length Slit2 and Slit2-N -

are tightly associated with membranes, while Slit2-C is more diffusible, raising the -
possibility that these fragments have different functions in vivo (Brose et al., 1999). º
Interestingly, the Slit2-N fragment, but not Slit2-C, associates with the Robo receptor (K. f
Brose and M. Tessier-Lavigne, personal communication). In fact, the leucine-rich ~
repeats in Slit2 are sufficient for binding Robol and a recombinant protein containing

only these repeats exhibits chemorepulsive activity (Chen et al., 2001).

The function of Slit and Robo proteins in axon repulsion is evolutionarily

conserved. Mammalian Slit2 can repel spinal motor axons (Brose et al., 1999) and both

Slitl and Slit2 repel olfactory bulb axons (Nguyen Ba-Charvet et al., 1999) in vitro,

consistent with a role for Slit proteins in repulsive guidance. Furthermore, commissural

axons become responsive to the repulsive activity of Slit? only after they have crossed



the midline, demonstrating that both vertebrate and Drosophila midline guidance are

mediated by similar mechanisms (Zou et al., 2000). Genetic analyses of mice deficient in

both Slit■ and Slit2 reveal defects in the formation of the optic chiasm and errors in the

guidance of several major forebrain axon pathways (Bagri et al., 2002; Plump et al.,

2002). These studies have led to the idea that Slit proteins can form a corridor to channel

axons through and can also prevent axons from extending into inappropriate regions, all

consistent with a role as an axonal repellent. Mutations in the zebrafish astray/Robo2

gene also cause defects in the optic chiasm, in which retinal axons make guidance errors

before, during, and after midline crossing (Fricke et al., 2001). In vivo time-lapse

imaging of wild-type and astray/robo.2 mutants indicate that Robo2 shapes the path that

retinal axons take by both preventing and correcting pathfinding errors (Hutson and

Chien, 2002). Taken together, these in vitro and in vivo studies support a function for Slit

and Robo proteins in multiple repulsive axon guidance decisions.

In addition to guiding axons, Slit and Robo proteins are also involved in other

processes during development. In vertebrates, Slit proteins are implicated in repelling the

migration of neurons from the subventricular zone in the telencephalon along their route

within the rostral migratory stream to the olfactory bulb (Hu, 1999; Wu et al., 1999).

Slits also repel the migration of embryonic GABAergic neurons from the ganglionic

eminence to the neocortex (Zhu et al., 1999). Remarkably, a Slit protein was

independently identified as a positive regulator of sensory axon elongation and branching

(Wang et al., 1999; see Part II). This result demonstrates that Slit proteins are

bifunctional, with positive as well as negative effects on growing axons.



In C. elegans, the SLT-1/Slit protein is expressed dorsally and acts through the

SAX-3/Robo receptor to direct ventral axon guidance, in parallel with the ventral

attractant UNC-6/Netrin (Hao et al., 2001/Chapter 2). slt-1 is also required for midline

guidance and acts in the migration of neurons along the anterior-posterior axis (Hao et al.,

2001/Chapter 2). Surprisingly, even though there is only one Slit gene in C. elegans, not

all sax-3 phenotypes are found in slt-1 mutants (Hao et al., 2001/Chapter 2). This

suggests that SAX-3 has both SLT-1-dependent and SLT-1-independent functions in

development, and raises the possibility of an additional SAX-3 ligand.
--

Studies in Drosophila indicate that the Abelson (Abl) tyrosine kinase and the

Enabled (Ena) protein are involved in signaling downstream of Slit and Robo (Bashaw et

al., 2000). Abl negatively regulates Robo activity: overexpression of Abl causes midline

crossing defects similar to robo mutants in a dosage-sensitive and kinase-dependent

manner (Bashaw et al., 2000). The genetic and physical interactions between Ena and rº

Robo suggest that they act in the same pathway (Bashaw et al., 2000). Similarly, unc-34, º
the C. elegans homolog of ena, shares mutant phenotypes and genetically and physically 3.
interacts with the SAX-3/Robo receptor (Yu et al., 2002). -

Signal transduction downstream of the Robo receptor is also mediated by a family

of GTPase-activating proteins (GAPs) called srGAPs (Wong et al., 2001). In transfected

cells, the binding of Slit to Robo increases the interaction of srGAP1 with the

cytoplasmic domain of Robo and is accompanied by the activation of RhoA and the

inhibition of Cdc42 (Wong et al., 2001). Consistent with this result, a constitutively

activated Cdc42 blocks the repulsive effects of Slit on migrating forebrain neurons,

indicating that inactivation of Cdc42 is essential for Robo signaling (Wong et al., 2001).



In C. elegans, SAX-3/Robo binds to the Rac and Cdc42 adaptor protein Dock/Nck (T. Yu

and C. Bargmann, personal communication), although the relevance of this interaction is

unknown.

The Netrin pathway

The Netrin family of secreted proteins provides directional cues to axonal growth

cones and migrating cells. Netrins contain amino-terminal domains similar to laminin

subunits and a basic carboxyl-terminal domain found in frizzled-related proteins and

tissue inhibitors of metalloproteinases (Wadsworth, 2002). The first member of this

family was identified in C. elegans as unc-6, a gene required for the migration of axons

and cells along the dorsal-ventral axis (Hedgecock et al., 1990; Ishii et al., 1992).

Vertebrate Netrins were independently purified based on their ability to promote the

outgrowth of spinal cord commissural axons (Serafini et al., 1994), and were shown to rº

directly elicit axon turning, supporting their function as chemoattractants (Kennedy et al., º
. .

1994; de la Torre et al., 1997). netrin-1 knockout mice have defects in the direction and

extent of axon growth (Serafini et al., 1996), and genetic studies in C. elegans and -
Drosophila also indicate that Netrins promote axon outgrowth and guidance in vivo

(Hedgecock et al., 1990; Mitchell et al., 1996).

Netrins are expressed at the ventral midline in vertebrates and invertebrates

(Kennedy et al., 1994; Mitchell et al., 1996; Wadsworth et al., 1996). In C. elegans, the

ventral UNC-6/Netrin cue attracts some axons ventrally and repels others dorsally, and

mutations in unc-6 disrupt both ventral and dorsal axon migrations (Hedgecock et al.,

1990). The repulsive activity of Netrins is also evolutionarily conserved, and has been

10



demonstrated in both Drosophila (Winberg et al., 1998; Keleman and Dickson, 2001) and

vertebrates (Colamarino and Tessier-Lavigne et al., 1995). Expression of an UNC-6

protein lacking the carboxyl-terminal region (domain C) induces motor neuron branching

(Lim et al., 1999; Wang et al., 2002). Furthermore, endogenous UNC-6 is required for

promoting axon branch formation of multiple neurons (Chapter 4). These results indicate

that Netrins can regulate axon branching in addition to guidance.

Netrins mediate their attractive and repulsive effects through two guidance

receptors, UNC-40/DCC and UNC-5. The conserved UNC-40/DCC family of

transmembrane proteins is widely expressed in developing invertebrate and vertebrate

nervous systems, including those neurons that respond to UNC-6/Netrin cues (Chan et

al., 1996; Keino-Masu et al., 1996; Kolodziejet al., 1996). UNC-40/DCC is required for

attractive responses to UNC-6/Netrin, but also has a role in axon repulsion. Members of

the UNC-5 family of conserved transmembrane proteins are expressed in specific

populations of neurons repelled by UNC-6/Netrin (Leung-Hagesteijn et al., 1992;

Leonardo et al., 1997). Both DCC and UNC-5 receptors bind directly to Netrin (Keino

Masu et al., 1996; Leonardo et al., 1997).

In Celegans, mutations in unc-40 disrupt the ventral guidance of multiple neuron

types, such as AVM, PVM, and HSN (Hedgecock et al., 1990). Although most of these

phenotypes are also observed in unc-6 mutants, unc-40 exhibits some unc-6-independent

functions, such as in Q neuroblast cell migration (Hedgecock et al., 1990). AVM ventral

guidance is disrupted in unc-6 and unc-40 mutants (Hedgecock et al., 1990), and UNC-40

acts cell-autonomously within this neuron to direct its ventral growth (Chan et al., 1996).

Double mutant analyses between unc-6 and unc-40 revealed no enhanced defects in

11



ventral guidance (Hedgecock et al., 1990; Chapter 4), indicating that they function in the

same pathway. Studies in vertebrates have provided evidence for a role of DCC in

Netrin-mediated attraction and outgrowth in vitro and in vivo. The outgrowth and

attractive responses of Xenopus neurons to a point source of Netrin are blocked by an

antibody against DCC (de la Torre et al., 1997; Ming et al., 1997). Furthermore, DCC

mutant mice exhibit defects in the guidance and outgrowth of commissural axons similar

to those observed in netrin-1 knockout animals (Fazeli et al., 1997).

Mutations in unc-5 disrupt both dorsally-directed guidance and cell migrations in

C. elegans. These defects are also observed in unc-6 mutants, although unc-5 mutants do

not display defects in ventral guidance. For example, while the dorsal trajectory of motor

axons to the dorsal nerve cord and the dorsal migrations of the distal tip cells are

defective in unc-5 mutants, no AVM ventral guidance defects were found (Hedgecock et

al., 1990). Interestingly, misexpression of UNC-5 in neurons that are normally attracted

to UNC-6/Netrin causes their axons to be repelled by the UNC-6/Netrin cue (Hamelin et

al., 1993). This conversion of the Netrin response from attraction to repulsion is also

observed when UNC-5 is introduced into Xenopus spinal neurons (Hong et al., 1999),

demonstrating mechanistic conservation of Netrin-mediated repulsion.

UNC-5 appears to act alone in mediating short-range repulsion to UNC-6/Netrin,

but requires UNC-40/DCC as a coreceptor for repulsion farther away from the UNC

6/Netrin source (Keleman and Dickson, 2001). Genetic studies in C. elegans support a

role for UNC-40/DCC as a coreceptor for UNC-5-dependent repulsion, as UNC-40 is

expressed in neurons repelled by UNC-6, unc-40 mutants exhibit defects in the dorsal

guidance of these axons, and UNC-40 function is required for the repulsive effects of
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UNC-5 misexpression (Hedgecock et al., 1990; Chan et al., 1996; Colavita and Culotti,

1998). In fact, the presence of Netrin induces the heterodimerization of DCC and UNC

5, and a function-blocking DCC antibody inhibits the ability of Netrin to repel axons

expressing both receptors (Hong et al., 1999). These results thus suggest that repulsion

from UNC-6/Netrin is mediated by UNC-5 alone or in a complex with DCC.

Despite the dramatic progress that has been made in elucidating the functions of

Netrin receptors, our knowledge of their downstream signaling pathways remains poorly

understood. However, work performed in cultured Xenopus neurons has provided some
--

insight into the constellation of factors that affect Netrin-mediated outgrowth and turning

in vitro. For example, lowering calcium, cAMP, or PKA levels or adding laminin

fragments to a bath can switch Xenopus neurons from attraction to repulsion by Netrin

(Ming et al., 1997; Hopker et al., 1999; Hong et al., 2000). Other factors, such as --

phospholipase C, PI3-kinase, Rho GTPases, and MAP kinases are also implicated in

Netrin-mediated outgrowth or guidance (Ming et al., 1999; Forcet et al., 2002; Shekarabi º

and Kennedy, 2002). However, the molecular targets of these putative signaling factors

are unknown. sº."

Genetic studies in C. elegans have identified genes that may act in Netrin

mediated repulsion. A screen for suppressors of a guidance phenotype induced by

misexpression of UNC-5 identified genes required for UNC-5 function (Colavita and

Culotti, 1998). Candidate genes encoding proteins that may be involved in UNC-5

repulsive signaling include unc-34/enabled, unc-44/ankyrin, and unc-129/TGF-3

(Colavita and Culotti, 1998). Another gene, max-1, encodes a multi-domain cytoplasmic
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protein that colocalizes with UNC-5 in heterologous cells and could potentially function

in the UNC-5 repulsive guidance pathway (Huang et al., 2002).

C. elegans genetics has also yielded genes and pathways that act downstream of

the UNC-40/DCC receptor for attractive axon guidance. By using a constitutively active

form of the UNC-40/DCC receptor (MYR::UNC-40) and loss-of-function genetics, a

bifurcated UNC-40 signaling pathway has been defined (Gitai et al., 2003). One branch

involves the Rac GTPase CED-10 (Reddien and Horvitz, 2000) and the putative actin

binding protein UNC-115/abl[M (Lundquist et al., 1998), and the other involves UNC

34/Ena, a protein that modulates actin dynamics and functions in both attractive and .

repulsive guidance decisions (Yu et al., 2002; Gitai et al., 2003). The molecules in these

two pathways act through distinct conserved motifs in the UNC-40 cytoplasmic domain,

and are proposed to interact with UNC-40 indirectly, possibly through motif-specific
*

binding proteins (Gitai et al., 2003). These results suggest that UNC-40/DCC may scº º

function as a scaffold for assembling several independent signals that regulate the actin • *

cytoskeleton. sº

**

Interestingly, experiments in Xenopus spinal neurons propose a hierarchical *****

integration of guidance information between the Netrin and Slit pathways. Growth cone

turning in response to Netrin-1 is abolished upon application of Slit to the bath (Stein and

Tessier-Lavigne, 2001). This silencing of the effects of Netrin occurs through the direct

binding of DCC and Robo in the presence of Slit (Stein and Tessier-Lavigne, 2001). A

different situation has been observed in C. elegans, however, where genetic analysis

indicates that UNC-40/DCC binds SAX-3/Robo and enhances SAX-3/Robo signaling
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independent of UNC-6/Netrin (Yu et al., 2002). Thus, receptor interactions can result in

either cooperative or antagonistic guidance functions.

Conclusion

The identification and characterization of guidance cues and their receptors provide the

basis for the discovery of downstream signaling pathways that link receptor activation to

changes in growth cone behavior. The mechanisms by which the same guidance cue

elicits multiple responses and the existence of cross-talk between pathways are also just *

beginning to be unraveled. Future studies in both invertebrate model organisms and .*

vertebrates will no doubt provide further insight into the molecular mechanisms of axon

guidance.

º--

- *

º

º
***
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Part II. Regulation of axon branch formation

The phenomenon of axon branching

Many populations of neurons in both vertebrate and invertebrate nervous systems

project axon collaterals, or branches, over long distances to innervate multiple targets

during development. Time-lapse observations of vertebrate neurons in culture have

demonstrated that axon branching is a highly dynamic process involving the extension

and retraction of transient branches (Sato et al., 1994; Bastmeyer and O’Leary, 1996). In

those that stabilize, a local fragmentation of microtubules within the parent axon occurs,

followed by partitioning of a portion of these microtubule fragments into the branch (Yu

et al., 1994; Dent et al., 1999).

Extensive studies have revealed that axon branch formation can occur by three

different mechanisms. First, experiments on cultured peripheral neurons show that axon

branches can form via bifurcation of the primary growth cone (Bray, 1973; Wessells and

Nuttall, 1978). The active growth cone is thought to divide into two smaller secondary

growth cones, creating a pair of axon branches that then proceed along separate paths. In º
- **

º

addition, growth cone bifurcation can be enhanced in the presence of a branch-promoting ***

activity in vitro (Sato et al., 1994). However, axon branching via growth cone bifurcation

is rare, although it represents the most common method of dendritic branching (Acebes

and Ferrús, 2000).

Second, axon collaterals also develop by delayed interstitial branching. Studies

on layer five corticospinal axons have shown that interstitial branches can form at great

distances behind the primary growth cone and up to several days after the growth cone

has advanced beyond the secondary target innervated by the branch (O’Leary and
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Terashima, 1988; Kuang and Kalil, 1994). The basilar pons is one target innervated by

the collateral branches that project from these corticospinal neurons (O’Leary and

Terashima, 1988). Time-lapse video microscopic studies of fluorescently labeled

corticospinal axons in a slice culture preparation containing the basilar pons revealed

several dynamic behaviors along the portion of the axon shaft overlying the basilar pons,

millimeters behind the primary growth cone (Bastmeyer and O’Leary, 1996). These

behaviors include the de novo formation of varicosities and filopodia-like extensions, as

well as a variable thickening and thinning of short segments of the axon shaft, giving rise * *

to a pulsating effect (Bastmeyer and O’Leary, 1996). Thus, these results provide .
evidence that axon branches form de novo at the target region and indicate that the

process of target recognition for corticospinal axons is a property of the axon shaft rather

than the primary growth cone (Bastmeyer and O’Leary, 1996).
*

However, the third mode of axon branch formation suggests that delayed * - *

interstitial branching results directly from target recognition by the primary growth cone. .

In this mechanism, interstitial branches are observed to develop from active regions of *
***

the axon shaft demarcated by the primary growth cone during pausing behaviors ~ º
(Szebenyi et al., 1998). High resolution imaging of dissociated cortical neurons revealed

that the primary growth cone marks the sites of future branch points by pausing,

reorganizing, and leaving behind filopodial and lamellipodial remnants on the axon shaft

from which interstitial branches later emerge (Kalil et al., 2000). Most axon branches are

thought to arise by this mechanism (Acebes and Ferrús, 2000). The apparent discrepancy

between axon branches formed de novo or from remnants of the growth cone can be

reconciled by the fact that the branching behavior of dissociated cortical neurons was
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examined in the absence of target regions, such as the basilar pons. This implies that the

presence of target regions normally innverated by collateral branches influences the mode

of branch formation.

Cytoskeletal dynamics in axon branching

Ultrastructural observations show that the first structures to move into a nascent

axon branch are membrane vesicles, followed by actin filaments and later by

microtubules (Baas, 1999). Initial studies of dissociated hippocampal neurons indicate

that branch formation is associated with a local fragmentation of microtubules (Yu et al.,

1994). Subsequent experiments with fluorescently labeled tubulin reveal that right before

interstitial branch formation, microtubules undergo reorganization from looped or

bundled arrays to dispersed arrays and long microtubules fragment into shorter ones

(Dent et al., 1999). Individual microtubules then move independently at velocities

inversely proportional to their lengths into the developing branch (Dent et al., 1999).

Thus, it has been proposed that a higher number of shorter microtubules would be ideally

suited for rapid exploratory movements within developing branches. After invasion into

the appropriate branch, these microtubules could then elongate and become stabilized,

allowing branch extension to occur.

Simultaneous visualization of microtubule and actin dynamics prior to branch

formation has revealed that the splaying of looped or bundled microtubules is

accompanied by focal accumulation of actin filaments (Dent and Kalil, 2001). However,

actin filaments are less prevalent in regions of stable microtubules, such as the axon shaft

and stabilized axon branches (Dent and Kalil, 2001). Interactions between microtubules

*****
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and actin filaments appear to involve coordinated polymerization and depolymerization

(Dent and Kalil, 2001). Consistent with this, inhibition of either microtubule or actin

filament dynamics blocks polymerization of the other and prevents axon branch

formation (Dent and Kalil, 2001). These results suggest that the interplay between

dynamic microtubules and actin filaments is required for initiating axon branch

formation.

Molecular mechanisms of axon branch formation

Axon branching is a complex process involving the initiation and elongation of a

collateral branch in the appropriate direction, followed by its stabilization. Branch

retraction is then employed for the selective elimination of axon collaterals to yield a

functionally mature set of projections. Although several positive and negative regulators

required for the guidance of primary growth cones and their axons have been identified

(Tessier-Lavigne and Goodman, 1996; Dickson, 2002), relatively little is known about

the molecular mechanisms that control axon branch formation, extension, stabilization,

and retraction.

In vitro studies using explants or dissociated cultures have revealed the existence

of extracellular regulators of axon branch formation and elongation. Innervation of the

basilar pons by layer five corticospinal axons is promoted by a factor secreted by pontine

tissue (Heffner et al., 1990). The presence of basilar pons tissue increases both the

frequency of branch formation from the shafts of cortical axons and their directed growth

towards the pons (Sato et al., 1994). However, the molecular identity of this factor

remains unknown. Interestingly, the amino-terminal fragment of Slit2, Slit2-N, was

*****
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independently purified as an activity that promotes the branching and elongation of dorsal

root ganglion (DRG) sensory axons in vitro (Wang et al., 1999). This identification was

confirmed by the demonstration that recombinant Slit2-N could stimulate the branching

and outgrowth of DRG neurons (Wang et al., 1999). In addition, while Slit2-N induces

branching, full-length Slit2 actually appears to antagonize the branching activity (Wang

et al., 1999), suggesting that different forms of Slit proteins display distinct functional

properties. Slit2 and Robo.2 are also expressed at the appropriate time and place to

regulate axon branching in vivo. Slit2 is expressed in the dorsal spinal cord at the time of

DRG axon innervation, and Robo.2 is expressed in DRG neurons (Wang et al., 1999).

However, whether Slit2 functions in vivo as a positive regulator of axon branching, and

whether its effects are mediated by the Robo2 receptor, will require future analyses of

mouse mutants for these genes.

Besides Slit2, several other secreted molecules involved in axon guidance have

also been implicated in regulating axon branch formation. The neurotrophins NT-3 and

BDNF promote the sprouting of corticospinal axons and the arborization of Xenopus

optic tectum axons, respectively (Schnell et al., 1994; Cohen-Corey and Fraser, 1995).

The neurotrophin NGF is capable of acting locally to initiate axon branch formation of

DRG neurons (Gallo and Letourneau, 1998). The growth factor FGF-2 stimulates

cortical axon branching in vitro (Szebenyi et al., 1999). The KAL-1/Anosmin-1

extracellular protein exhibits both chemoattractive and branch-promoting activities in C.

elegans and rodents (Bülow et al., 2002; Rugarli et al., 2002; Soussi-Yanicostas et al.,

2002). Taken together, these studies suggest that common molecular mechanisms may

underlie both axon guidance and branch formation.

20



Surprisingly few genetic studies focused on elucidating the molecular

mechanisms of axon branching have been performed. In C. elegans, mutations that

disrupt the formation of vulval cells or ablation of vulval cells in wild-type animals

demonstrate that these cells are required for the branching of the HSN axon (Garriga et

al., 1993). Mutations in the unc-53 gene, which encodes a novel protein with putative

SH3- and actin-binding sites, cause defects in the morphology and positioning of the

PLM branch in addition to affecting the outgrowth of its primary axon (Hekimi and

Kershaw, 1993; Stringham et al., 2002). Similarly, mutations in the unc-73 gene, which

encodes a Rho GTP exchange factor, disrupt both PLM axon outgrowth and branch

formation (Steven et al., 1998). Introduction of UNC-73 into these neurons in unc-73

mutants rescues both defects, indicating that UNC-73 acts cell-autonomously in PLM for

axon outgrowth and branching (Steven et al., 1998). The UNC-119 cytoplasmic protein

acts cell-autonomously to inhibit excessive axon branching by motor neurons and is

thought to be required for the proper maintenance of nervous system structure (Knobel et

al., 2001). Analyses of axon guidance mutants in the Drosophila mushroom body have

also yielded molecules important for axon branching. These include three Rac GTPases,

which are required in increasing amounts for axon growth, guidance, and branching (Ng

et al., 2002), and the Down syndrome cell adhesion molecule (Dscam), which is involved

in both the formation and guidance of axon branches to their proper targets (Wang et al.,

2002).

--** *
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Conclusion

Although the phenomenon of axon branching has been extensively characterized,

the molecules that mediate this process are not well understood. The novel identification

and continued characterization of factors involved in axon guidance reveal that common

molecular mechanisms underlie axon guidance and branch formation. Future studies

aimed at elucidating other components required for axon branch formation should

provide insight into how branch-promoting extracellular cues communicate with the

cytoskeleton to regulate the morphological changes necessary for axon branch initiation

and extension.
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Chapter Two

C. elegans Slit acts in midline, dorsal-ventral, and anterior-posterior guidance

via the SAX-3/Robo receptor
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Summary

Robo receptors interact with ligands of the Slit family.
The nematode C. elegans has one Robo receptor
(SAX-3) and one Slit protein (SLT-1), which direct ven
tral axon guidance and guidance at the midline. In
larvae, s/t-1 expression indorsal muscles repels axons
to promote ventral guidance. SLT-1 acts through the
SAX-3 receptor, in parallel with the ventral attractant
UNC-6 (Netrin). Removing both UNC-6 and SLT-1 elim
inates all ventral guidance information for some axons,
revealing an underlying longitudinal guidance path
way. In the embryo, s/t-1 is expressed at high levels
in anterior epidermis. Embryonic expression of SLT-1
provides anterior-posterior guidance information to
migrating CAN neurons. Surprisingly, sit-1 mutants do
not exhibit the nervering and epithelial defects of sax-3
mutants, suggesting that SAX-3 has both Slit-depen
dent and Slit-independent functions in development.

introduction

Neurons are guided to their targets by highly conserved
guidance factors and receptors, including receptors of
the SAX-3/Robo family. Drosophila robo and C. elegans
sax-3 mutants have a similar defect in axon guidance
at the ventral midline (Seeger et al., 1993; Kidd et al.,
1998; Zallen et al., 1998). In normal development, some
axons do not cross the midline, whereas others cross
it exactly once. In robo or sax-3 mutants, axons cross the
midline multiple times, suggesting the loss of inhibitory
midline guidance information. The Robo family of recep

*Correspondence: corieitsa.ucsf.edu

tors shares a common transmembrane structure with
five extracellular immunoglobulin (IG) domains, three
extracellular fibronectin type 3 (FN3) domains, and sev
eral conserved motifs in a long intracellular domain (Kidd
et al., 1998; Zallen et al., 1998). Mammalian Robo recep
tors are expressed in spinal cord commissural axons
that interact with repulsive cues at the midline (floor
plate), suggesting that their functions are similar to those
of the invertebrate SAX-3/Robo receptors (Kidd et al.,
1998; Brose et al., 1999; Yuan et al., 1999).

The secreted extracellular protein Slit is a ligand for
Robo receptors. slit was first identified as a Drosophila
mutant with severe cell and axon defects at the midline;
Slit proteins have four leucine-rich repeats (LRRs), seven
or more EGF domains, and a cysteine knot (Rothberg
et al., 1990). Both Drosophila and vertebrate Slit bind
directly to Robo receptors (Brose et al., 1999; Li et al.,
1999), and Drosophila slit mutations have strong genetic
interactions with robo mutations, suggesting that Slit is
the Robo ligand (Kidd et al., 1999). However, slit mutants
have a more severe defect in midline crossing than robo
mutants, with all axons collapsing at the midline. This
result suggested the existence of a second receptor for
Slit, and indeed, the Drosophila genome encodes two
additional Robo receptors, Robo.2 and Robo3 (Rajago
palan et al., 2000a; Simpson et al., 2000a). robo, robo2
double mutants have a midline defect that resembles
the phenotype of Slit mutants (Rajagopalanet al., 2000b,
Simpson et al., 2000b). In addition, the combinatorial
expression of the three Robo receptors allows growth
cones to select specific longitudinal pathways in re
sponse to Slit that emanates from the midline (Rajagopa
lan et al., 2000a; Simpson et al., 2000a).

Mammalian Slit proteins are also expressed in midline
structures, where they are likely to act as repulsive guid
ance factors. Slit-expressing midline structures include
the floorplate and roofplate of the spinal cord, the sep
tum, and the preoptic area (Brose et al., 1999; Yuan et
al., 1999; Li et al., 1999; Erskine et al., 2000). Rodent
Slit2 repels motor axons, olfactory and hippocampal
axons, and migrating cortical neurons and olfactory in
terneuron precursors, all of which avoid crossing the
midline (Brose et al., 1999; Nguyen Ba-Charvet et al.,
1999; Hu, 1999; Wu et al., 1999). Thus, a midline repul
sion role for Slit is conserved between vertebrates and
invertebrates.

C. elegans sax-3 mutants have a midline crossing
phenotype that is similar to that of Drosophila robo mu
tants, but they also have guidance defects that are not
obviously related to the midline (Zallen et al., 1998, 1999).
Similarly, the zebrafish Robo mutant astray has both
midline and nonmidline defects (Fricke et al., 2001). sax-3
mutants exhibit defects in dorsal-ventral axon guidance
in the head and body. For example, the AVM sensory
neuron initially sends its axon ventrally in wild-type ani
mals, but, in sax-3 mutants, the AVM axon instead grows
anteriorly. AVM is a pioneer axon, and cell-specific res
cue experiments have shown that sax-3-dependent
guidance of AVM is likely to be cell autonomous. Thus,
sax-3 guides axons over a long distance toward the
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ventral midline but prevents axons from crossing once
they arrive. Ventral guidance of the AVM axons is also
regulated by the attractive guidance factor UNC-6/Ne
trin, which is expressed at the midline (Wadsworth et
al., 1996). Animals mutant for unc-6 or its receptor unc
40 exhibit an AVM ventral guidance defect similar to
that of sax-3 mutants (Hedgecock et al., 1990; Chan
et al., 1996). Netrin-mediated guidance is a conserved
feature of the dorsal-ventral axis in nematodes, flies, and
mammals, but the relationship of sax-3 to this system is
unclear.

In contrast to the conserved Netrin system for dorsal
ventral guidance, the ligands and receptors that are
used in anterior-posterioraxon guidance are not known.
sax-3 mutants have defects in some aspects of anterior
posterior guidance (Zallenet al., 1999). Insax-3 mutants,
axons that form the circumferential nerve ring are anteri
orly displaced in the head, and anterior-posterior cell
migrations of the CAN neurons are abnormal. Thus, axon
and cell migrations along both the anterior-posterior and
dorsal-ventral axes are affected in sax-3 mutants.

To characterize the mechanisms that sax-3 uses to
control different kinds of cell and axon migrations, we
examined the C. elegans homolog of Slit, which is en
coded by the sit-1 gene. Only one sax-3/robo gene and
only one sit-1/slit gene are present in the C. elegans
genome, presenting a simple system for analyzing and
comparing the roles of this receptor and its ligand. We
find that s/t-1 has a complex expression pattern that
can account for many of the observed phenotypes of
sax-3 mutants. Our results are consistent with SLT-1
acting as a repellent for C. elegans cells and axons that
expresssax-3, with essential roles both in dorsal-ventral
guidance in larvae and in anterior-posterior guidance in
embryos. When SLT-1 and UNC-6 guidance cues are
removed, axons take specific alternative pathways that
suggest the existence of a hierarchy of guidance cues.
s/t-1 null mutants do not share some of the mutant phe
notypes of sax-3 mutants, suggesting that a second
ligand or a ligand-independent function of SAX-3 con
trols some guidance decisions.

Results

Identification of a C. elegans Slit Homolog
There is one homolog of Drosophila Slit in the C. elegans
genome, on cosmids C26G2 and F40E10, which we call
sit-1 (Figure 1A). Using sit-1 cDNA fragments isolated
by RT-PCR and phage library screening, we constructed
a full-length sit-1 cDNA (Experimental Procedures). The
predicted SLT-1 protein consists of 1410 amino acids
and shares a common domain structure and high se
quence similarity with Drosophila Slit (41% amino acid
identity) and all three mammalian Slit family members
(39%-41% identity) (Brose et al., 1999). All Slit proteins
contain a putative signal sequence, four tandem arrays
of leucine-rich repeats (LRRs), seven to nine EGF re
peats, and a cysteine knot (Figure 1B). C. elegans Slit
has extensive similarity to Drosophila Slit and mamma
lian Slitz in LRR-2 and LRR-4 (52%–60% identity), less
similarity in LRR-1 and LRR-3 (25%–40% identity), and
substantial similarity in all EGF repeats (28%–63% iden
tity). C. elegans Slit and Drosophila Slit possess seven
EGF repeats each, whereas nine EGF repeats are pres

ent in all three vertebrate Slits (Brose et al., 1999). The
absence of hydrophobic anchor sequences in all Slits
suggests that they encode large secreted proteins.

Dynamic Expression of st-1::GFP
To initiate an analysis of sit-1 expression, we generated
as/t-1::GFP fusion gene with 4 kb of potential regulatory
sequence upstream of the sit-1 initiator methionine (Fig
ure 2A). The slt-1::GFP transcriptional fusion was first
detected in comma stage embryos, with expression re
stricted to a cap of anterior cells (Figure 2B, arrow).
Double staining with antisera against GFP and the epi
thelial junction protein JAM-1 (MH27) was performed
to characterize embryonic expression in more detail.
Epidermal cells in C. elegans are born on the dorsal side
of the embryo (Sulston et al., 1983), and the epidermal
sheet migrates ventrally to enclose other tissues and
anteriorly to cover the head (Williams-Masson et al.,
1997).slt-1::GFP was first detectable just as the migrat
ing epidermal cells completely covered the head and
was expressed in hyp4, hyp1, and other epidermal cells
(Figure 2D, arrowheads point to two hyp4 cells). hyp1-4
are the most anteriorepidermal cells; they form epithelial
structures at the tip of the nose and connect the epider
mis to the pharynx. At the two-fold stage of embryogen
esis, expression spread beyond the anterior cap of cells
to otheranteriorly located cells, including the most ante
rior head muscle cells and some anterior socket cells,
a set of glia associated with head sensilla. During the
second half of embryogenesis, when most cells and
axons in the developing nervous system are migrating,
st-1::GFP expression was concentrated in anterior cells
and excluded from the middle of the body (Figure 2C).
Expression in anterior cells, including the anterior hyp
cells, continued throughout larval stages (Figure2E) and
in the adult (Figure 2F).

Around the two-fold stage of embryogenesis, slf
1::GFP expression became evident in pharyngeal cells,
including the most posterior pharyngeal muscle (Figure
2C). Expression in the pharynx persisted through the L1
stage (Figure 2E) and in the adult (Figure 2F).

Beginning at the 2-fold stage of embryogenesis, sit
1::GFP was expressed in dorsal body wall muscles in a
striking asymmetric pattern. Dorsal muscle expression
began in the posterior embryo and spread anteriorly
(Figure 2C); by the L1 larval stage, all dorsal muscles
expressed st-1::GFP (Figure 2E). Robust expression in
dorsal muscles persisted throughout the life of the ani
mal. sit-1:GFP was also expressed in ventral body wall
muscles, beginning in the L1 stage in posterior ventral
muscles and continuing to more anterior musclesin later
larval stages (Figures 2E and 2F). Throughout develop
ment, dorsal muscles expressed more s/t-1::GFP than
ventral muscles.

sit-1::GFP was expressed in the BDU neuron in the
body (Figure 2E, white arrowhead) and the RIH and
RMED neurons, which have the most anterior axons in
the nerve ring (Figure 2F).

The C. elegans midline is defined by the hypodermal
ridge, a subcellular specialization at the junction be
tween two large epidermal cells that surround the ventral
third of the body. slt-1::GFP is not expressed in ventral
epidermal cells. The signaling events that form the mid
line are unknown but are first apparent when the PVP

- * *
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A Figure 1. Genetic Map of the sit-1 Locus and
Domain Structure of the SLT-1 Protein
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neurons grow from the tail to the head, PVPL on the
right and PVPR on the left (Durbin, 1987). PVPR pioneers
the left ventral nerve cord. Signals for PVP guidance are
thought to emanate from cells in the tail, including the
PVT neuron, which expresses UNC-6/Netrin (Wads
worth et al., 1996). slf-1:GFP was expressed in the anal
sphincter muscle, an asymmetric muscle on the left side
near PVT, starting in the embryo (Figures 2C and 2E,
black arrowheads). Expression of sit-1 by the anal
sphincter muscle at the left midline could contribute to
PVP guidance and the regulation of midline crossing in
the tail.

In summary, sit-1::GFP expression in embryos sug
gests a high anterior level of SLT-1, a moderate level
in the tail (where the first SLT-1 expression in muscle
appears), and a low level in the center of the body. In
larvae, s/t-1::GFP expression in muscles suggests a high
dorsal to low ventral level of SLT-1 activity. Two cells
near the midline express sit-1::GFP, the anal sphincter
muscle at the left midline in the tail and the RIH neuron
in the center of the head.

Ectopic Expression of SLT-1 by Ventral Body Wall
Muscles Disrupts AVM Axon Guidance
The asymmetric expression of sit-1:GFP in dorsal mus
cles suggested that repulsion from SLT-1 could direct
axons ventrally, accounting for the ventral guidance de

fect in sax-3 mutants. To test this hypothesis, we dis
rupted the asymmetric expression pattern by driving
SLT-1 expression from all body wall muscles, both dor
sal and ventral, under the control of the myo-3 promoter
(Figure 3A). Animals bearing a myo-3::SLT-1 transgene
were viable but slightly uncoordinated.

Extrachromosomal and integrated myo-3:SLT-1
transgenes were examined for their effects on guidance
of the mechanosensory neuron AVM. The AVM axon
grows ventrally to the midline during the L1 larval stage,
when sit-1::GFP is expressed asymmetrically by dorsal
body wall muscles (Figures 2E and 3B, and see Figures
6C and 6D), then turns and grows anteriorly. sax-3 acts
cell autonomously in AVM to affect its ventral guidance,
so AVM should respond to SAX-3 ligands (Zallen et al.,
1999). In 20%–70% of animals bearing myo-3:SLT-1
transgenes, the ventral guidance of AVM was defective,
and the axon instead extended anteriorly or posteriorly
(Figures 3C and 3D). This defect suggests that the sym
metric expression of SLT-1 in body wall muscles dis
rupts signals for ventral AVM axon guidance. The body
wall muscles reside in four quadrants, and a muscle
free lateral area exists between the dorsal and ventral

muscle quadrants (Figure 3E). The AVM axons in myo
3:SLT-1 strains appear to be restricted to the lateral
area and excluded from muscle quadrants, consistent
with a repulsive role for SLT-1.
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Figure 2 sit-1:GFP Expression Pattem

dorsal body wall muscles

Z N
º

BDu anal sphincter
muscle

(A) AGFP fusion gene containing 4 kb of sit-1 upstream sequence and the first two codons of the sit-1 coding region was used to analyze
slt-1 expression.
(B) Comma stage embryo. sh:-1:GFP is first detected in a cap of anterior epidermal cells (arrow). For embryos in (B)-(D), anterior is at top,
and the embryo curves so that posterior is at left.
(C) Two-fold stage embryo. Increased expression in the anterior cap of epidermal cells is observed (arrow) in addition tosh-1:GFP expression
in many pharyngeal cells (white arrowhead, P). The asymmetric expression of slf-1:GFP in body wall muscles begins at this stage in the most
posterior dorsal muscles (M). slº-1::GFP was also present in the anal sphincter muscle, located in the tail of the animal (black arrowhead, A).
(D) Antibody staining of a 1.5-fold sit-1:GFP-expressing embryo with anti-GFP (green) and MH27 antiserum against the epithelial junction
protein JAM-1 (red). Left, the epithelial cells at a superficial focal plane in the embryo. The hyp5 cell, which has fused to form a ring (arrow),
serves as a reference point for identifying sh:-1:GFP-expressing cells. Right, a medial focal plane of the embryo with robust sh:-1::GFP
expression in the head. Two hypº epidermal cells, which are located directly anterior to the hyp5 cell, express sh:-1:GFP (arrowheads).
Posterior to hypº are other hyp cells, some pharyngeal cells, and dorsal muscles in the tail (M) that also express sit-1:GFP.
(E) L1 stage larva. Expression of st-1:GFP is prominent in all dorsal body wall muscles (arrows). The BDU neuron (white arrowhead) also
expresses the transgene. The anal sphincter muscle (black arrowhead) continues to express st-1:GFP. Weak expression is present in ventral
body wall muscles just anterior of the anal sphincter muscle. Strong expression persists in the head. Anterior is to the left, dorsal at the top.
(F) The head of an adult animal. slf-1:GFP expression is observed in the RIH and RMED neurons (arrows), which send axons into the nerve
ring (arrowhead). Hypodermal (H), muscle (M), and pharyngeal (P) expression continues in the adult. Anterior is to the left, dorsal at the top.
Scale bars, 10 unn.

If the phenotypes of SLT-1 misexpression are medi
ated through the SAX-3 receptor, sax-3; myo-3:SLT-1
double mutants should resemble sax-3 alone, but if
SLT-1 has functions that are not mediated by SAX-3, a
sax-3; myo-3:SLT-1 strain could exhibit stronger de
fects thansax-3 mutants. All sax-3; myo-3::SLT-1 strains
were indistinguishable from sax-3 alone, even when the
defect in the initial myo-3:SLT-1-expressing strain was
stronger than the defect in sax-3 (Figure 3F). These re
sults are consistent with SLT-1 acting primarily as a
ligand for SAX-3.

in sax-3 mutants, axons that fail in their ventral trajec
tory invariably extended anteriorly to the nervering, sug
gesting that anterior-posterior guidance information is
recognized even when dorsal-ventral information is lost
(Figure 3F). In myo-3:SLT-1 animals, some misguided
AVMaxons had an unexpected defect in anterior-poste

rior guidance. About 10%-35% of all axons extended
posteriorly instead of anteriorly from the AVM cell body
(Figures 3D and 3F). Body wall muscles in the head
are more densely packed than in posterior regions, so
ubiquitous muscle expression of myo-3:SLT-1 may
generate more repulsive SLT-1 activity anterior to the
AVM neuron (Figure 3E). In addition, the cell body of
AVM is just posterior to the pharynx, which expresses
s/t-1:GFP (Figure 2E). We suggest that the combination
of endogenous SLT-1 from the pharynx and increased
SLT-1 expression from myo-3::SLT-1 make the anterior
region nonpermissive for AVM axon outgrowth. Results
consistent with this interpretation were obtained by
high-copy overexpression of sit-1 from agenomic clone.
Animals overexpressing sit-1 had defects in both ante
rior-posterior and dorsal-ventral guidance of the AVM
axons, and anterior AVM axons sometimes terminated
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Figure 3. Misexpression of SLT-1 Disrupts
AVM Ventral Guidance

(A) A full-length sit-1 cDNA was placed under
the control of the myo-3 promoter to drive
expression of SLT-1 in all body wall muscles.
(B-D) AVM axon trajectories in wild-type and
myo-3:SLT-1 animals, labeled by a mec
4:GFP transgene. (B) in wild-type animals,
the AVM axon grows ventrally (arrow) to the
midline and then travels anteriorly to the
head. The ALM cell body (arrowhead) with its
lateral axon is also visible with this reporter.
(C) Ventral guidance defect of an AVM axon
in a myo-3:SLT-1 (ky's218) animal. The AVM
axon projects anteriorly from the cell body in
a lateral position (arrow). The ALM axon is not
affected. (D) Ventral and anterior guidance
defect of an AVM axon in a myo-3:SLT-1
(ky's218) animal. The initial ventral growth is
disrupted, and the axon travels posteriorly
(arrow). Anterior is to the left, dorsal at the
top.
(E) myo-3:GFP expression pattern. Anterior
muscle quadrants are more closely spaced,
leaving a more narrow muscle-free zone in
the head. The arrow points to the approxi

: | :
mate location of the AVM cell body. Anterior
is to the left, dorsal at the top.
(F) SAX-3/Robo acts downstream of SLT-1
for AVM ventral guidance. Left, the percent
age of AVM axons with disrupted ventral
guidance was determined in sax-3 loss-of
function mutants, animals carrying the myo
3:SLT-1 transgene either as an extrachromo
somal array (kyEx441) or stably integrated
into the genome ■ kyls218), and double mu
tants between sax-3 and myo-3:SLT-1. Both

o
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ºf the myo-3:SLT-1 posterior projection defect.
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prematurely, suggesting that very high levels of SLT-1
can inhibit axon outgrowth as well as repelling axons
(data not shown).

The anterior-posterior defects of myo-3:SLT-1 were
completely suppressed by sax-30■ ) mutations, sug
gesting that they resulted from inappropriate activation
of the SAX-3 receptor (Figure 3F). These experiments
indicate that all effects of SLT-1 on the AVM axon are
mediated by SAX-3, consistent with SLT-1 acting as a
ligand for the SAX-3 receptor.

s/t-1 Mutants Have Defects in AVM Ventral
Guidance and Midline Crossing but Not
in Nerve Ring Axon Guidance
Three loss-of-function alleles of sit-1 were isolated by
screening pools of mutagenized nematodes for lesions
in the sit-1 gene using PCR (see Experimental Proce
dures) (Figure 1B). The sit-1(ok255) allele deleted nucle
otides 24719 to 26978 in C26G2, resulting in the deletion
of amino acids 17 to 340 in the protein. This in-frame

deletion removed all of the first LRR and part of the
second LRR, but the remainder of the protein is pre
dicted to be intact (Figure 1B). slt-1 mRNA was detect
able in sit-1(ok255) mutant animals by RT-PCR. The sit
1■ tm307) allele deleted nucleotides 25436 to 26526 in
C26G2, resulting in the deletion of amino acids 92 to
292 in the protein. This deletion removed most of the
first LRR and the linker region between the first and
second LRRs (Figure 1B). st-1 mRNA was also detect
able in sit-1(tm307) mutant animals using RT-PCR, and
sequencing of cDNAs confirmed the expected in-frame
deletion. The sit-1(eh15) allele deleted nucleotides
26219 to 28163 and 28.197 to 28294 in C26G2, resulting
in the deletion of all of the second LRR and part of
the third LRR. This out-of-frame deletion generated a
frameshift that truncated the SLT-1 protein at amino
acid 528 (Figure 1B). st-1(eh15) was also associated
with a duplication of the sit-1 locus, but both copies of
the locus were deleted, and no functional sit-1 mRNA
could be detected (see Experimental Procedures).
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Figure 4. sit-1 Mutants Have Defects in AVM Ventral Guidance and Midline Crossing
(A and B) AVM axon trajectories in wild-type and slf-7(eh15) mutant animals, labeled by a mec-4::GFP transgene. (A) in wild-type animals,
the AVM axon first grows ventrally (arrow) to the midline and then travels anteriorly. The ALM cell body (arrowhead) is also visible with this
reporter, and its axon grows anteriorly in a lateral position. (B) In a sit-1(eh15) mutant animal, the AVM axon grows anteriorly (arrow) in a
lateral position instead of ventrally. The ALM axon (arrowhead) is unaffected. Anterior is to the left, dorsal at the top.
(C) The percentage of AVM axons with defective ventral guidance was determined for wild-type, sax-3■ ky123), and all five sit-1 alleles. n =
67–367.

(D and E) Axons from the two PVO interneurons extend in the ventral nerve cord and express sra-6:GFP. (D) in wild-type animals (ventral
view), each axon is restricted to the ipsilateral nerve cord (the midline is marked by the vulva, labeled with an arrowhead). (E) In a sh-■■ eh15)
mutant animal (ventral view), one PVQ axon crossed the midline so that both axons (arrows) run on the same side of the vulva (arrowhead).
(F) The percentage of PVO axons displaying at least one crossover event was determined for wild-type, sax-3■ ky123), and sit-1(eh15). n =
31-91.
(G and H) AWB axon trajectories in wild-type and sº-1(eh15) animals, labeled by the str-1:GFP transgene. (G) The wild-type AWB axon
projects ventrally to the ventral midline and then dorsally in the nerve ring. The AWB axon terminates near the dorsal midline. (H) sh'-1(eh15)
mutant animals do not display AWB axon guidance defects. Anterior is to the left, dorsal at the top.
() The percentage of AWB axons with guidance defects was determined for wild-type, sax-3■ ky123), and two sit-1 alleles. n = 104–142. Scale
bars, 10 um.

Two additional alleles of sit-1 were identified in a ge
netic screen for enhancers of the AVM ventral axon
guidance defect of unc-40(ev547). Both lesions were G
to Atransition mutations, as expected for EMS-induced
mutations. sit-1(ev741) introduced a stop codon at nu
cleotide 26785 in C26G2 that truncated the protein at
amino acid 295, at the beginning of the second LRR
(Figure 1B). slf-1(ev740) disrupted a splice donor site
after the sixteenth exon in the sit-1 gene at nucleotide
28755 in C26G2, corresponding to the linker region be
tween the third and fourth LRRs (Figure 1B).

Thes/t-1(eh15) deletion allele and slf-1(ev741) prema
ture stop allele disrupt all sit-1 domains except the first
one or two LRRs. The st-1(ev740) splice donor allele,
st-1(eh15), and st-1(ev741) are predicted to destabilize
the sht-1 mRNA. These three alleles are the best candi
date null or strong loss-of-function alleles in sit-1. The
st-1■ tm307) deletion and the sit-1(ok255) deletion are
predicted to disrupt only LRR-1 or only LRR-1 and LRR-2,

respectively, so these alleles present the opportunity to
examine the function of the first two LRRs in SLT-1.

All sit-1 alleles except st-1■ tm307) were defective in
AVM ventral guidance. Their AVM phenotype was similar
to that of Sax-3 mutants: the axon did not follow its
nomal ventral trajectory and instead extended anteri
orty (Figures 4A and 4B). The four alleles with a disrup
tion inventral guidance exhibited defects of comparable
severity, consistent with the possibility that they repre
sent the slf-1 loss-of-function phenotype (Figure 4C).
Thes/t-1(tm307) mutation that deleted the first LRR had
no effect on AVM ventral guidance, but the sit-1(ok255)
mutation that also affected the second LRR had a strong
AVM ventral guidance defect. These results suggest that
the second LRR is essential for the repulsive effect of
Slit on the AVM axon. Defects in AVM guidance in differ
ents/t-1 mutants were all of similar severity and slightly
more severe than those in the strongsax-3 mutantky123
(Figure 4C). The defect in AVM ventral guidance in sit

a---
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SLT-1 Directs Anterior-Posterior Cell Migration
of the CAN Neuron
The CAN neurons are born in the head of the embryo
and migrate posteriorly to a position in the center of the
animal (Figures 5A-5C). This cell migration is disrupted
in sax-3 mutants, where more than 90% of the CAN
neurons visualized with the ceh-23::GFP marker are
found at anterior positions (Figure 5F). The expression
pattern of st-1::GFP in the embryo suggests that SLT-1
levels reach a low point in the center of the body. To
ask whethers/t-1 affects the migration of the CAN neu
rons, we examined CAN position using a ceh-23::GFP
transgene. sit-1 mutants exhibited a defect in CAN cell
migration (Figure 5D), with more than 50% of CAN neu
rons stopping short of their final position (Figure 5F).
The ceh-23::GFP transgene is known to enhance CAN
migration defects (Forrester et al., 1998), and both sax-3
ands/t-1 defects were less severe in the absence of this
marker [sax-3■ ky123) 5/16 cells stop short; sit-1(eh15)
3/25 cells stop short; wild-type 0/24 cells stop short].
This result suggests that the posterior migration of the
CAN neuron is regulated by SLT-1.

To ask whether SLT-1 acts as a permissive or instruc
tive cue for the migrating CAN neuron, we examined
CAN position in sit-1 (+); myo-3::SLT-1 animals. The
myo-3:SLT-1 transgene is expressed in all body wall
muscles along the anterior-posterior axis by midem
bryogenesis. In these myo-3:SLT-1 animals, CAN neu
rons often stopped short or migrated beyond their nor
mal position, suggesting that uniform SLT-1 expression
can disrupt the anterior-posterior guidance of CAN (Fig
ures 5E and 5F). The posterior CAN migration defects
of myo-3::SLT-1 were almost completely suppressed by
sax-3(f) mutations, suggesting that they resulted from
inappropriate activation of the SAX-3 receptor (Figure
5F). sax-3; myo-3::SLT-1 double mutants resembled
sax-3 alone, consistent with SLT-1 acting as a ligand
for SAX-3 in the CAN neurons.

The embryonic ALM neurons migrate posteriorly to a
position near CAN. Like CAN migration, ALM migration
stopped short in sax-3 and slt-1 mutants (sax-3■ ky123)
3/11 cells stop short; sit-1(eh15) 4/23 cells stop short;
wild-type 0/21 cells stop short]. Posterior axon out
growth of several embryonic neurons was not affected
by slt-1 mutations, including the posterior trajectory of
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Table 1. Axon Defects in the AWB Amphid Neurons

<-S5 e-j <=EO €-O eº)
Wild-Type Axon-Termination Lateral Axon Anterior Axon Anterior Nerve Ring n

Wild-type 100% 108
sit-1(eh15) 100% 132
unc-6(ev400) 71% 16% 12% 237
unc-40(e1430) 81% 10% 9% 260
unc-40■ e271) 83% 9% 7% 360
unc-6(ev400) shº-1(eh15) 36% 26% 36% 1% 284
unc-40(e1430); sh-1(eh15) 72% 13% 13% 2% 152
unc-40(ez71); sit-1■ eh15) 63% 17% 16% 4% 222
sax-3(ky123) 39% 2% 10% 29% 20% 142
sax-3■ ky123) sit-1(eh15) 36% 3% 14% 28% 18% 144
vab-1(dx31) 63% 1% 36% 407
vab-1(dx31); st-1(eh15) 54% 1% 31% 11% 2% 351

Amphid axon phenotypes were characterized using the str-1::GFP marker. Schematic drawings show the head of the animal. Anterior is to
the left, dorsal at top. n = number of neurons scored.

1(eh15) mutants was fully rescued with a sit-1 genomic
clone (data not shown).

Like sax-3 mutants, slt-1 mutants also displayed mid
line crossing defects. The ventral midline in C. elegans
is flanked by left and right ventral nerve cords that run
from the head to the tail (White et al., 1976, 1986). The
axons of the two PVO neurons each occupy one of the
nerve cords, and their axons do not cross the midline
in wild-type animals (Figure 4D). In sit-1(eh15) mutants,
the PVQ axons crossed the midline and sometimes the
two PVO axons occupied the same side of the animal
(Figure 4E). A lower percentage of slt-1 mutants than
sax-3 mutants displayed midline crossing defects (Fig
ure 4F).

Mutations insax-3 disrupt multiple aspects of sensory
axon guidance in the nerve ring (Zallen et al., 1999; Table
1). To examine sensory axons at high resolution, we
characterized the axonal trajectory of the AWB amphid
neuron using astr-1::GFP reporter. In wild-type animals,
the AWB axon grows ventrally in the amphid commis
sure and enters the nerve ring, where it extends dorsally
(Figure 4G). In sax-3 mutants, more than 60% of all AWB
neurons displayed defects in axon guidance (Figure 4!
and Table 1). In contrast, 100% of AWB axons were
normal in both s/t-1(eh15) and slf-1(ok255) mutant ani
mals (Figures 4H and 4). Axons offive additional classes
of sensory neurons can be visualized directly by filling
with the fluorescent dye Dil. Up to 95% of sax-3 mutants
have defects that are visible by Dil filling (Zallen et al.,
1999), but none of the five sit-1 mutants exhibited any
defects that were visible by Dil filling (data not shown).

slf-7 and sax-3 mutants also differed in several other
phenotypes. All sax-3 mutants have significant embry
onic and larval lethality (up to 80%) (Zallen et al., 1999);
only a low incidence of lethality was associated with any
of the five sit-1 alleles (data not shown). sax-3 mutants
frequently have notched heads, but these were not ob
served in any of the sit-1 mutant alleles. It is likely that
the notched heads and the lethality have a common
origin in epithelial cell migration defects. We conclude
that sit-1 and sax-3 have similar functions in the body,
where both act in ventral guidance and in midline guid
ance. However, the axon guidance and morphogenesis
functions of sax-3 in the head are not shared by st-1
or can be provided by a very low level of slt-1 activity.
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Figure 5. shº-1 Mutants Have Defects in CAN
Cell Body Migration
(A) The CAN neuron migrates posteriorly from
the head to the middle of the animal during
embryogenesis. Only one of the two bilater
ally symmetric CAN neurons is depicted.
(B) in wild-type adult animals, the CAN cell
body is located slightly anterior of the vulva,
in the region denoted by the black bracket.
In mutant animals, CAN cell migration defects
were scored as either being anterior (blue
bracket) or posterior (red bracket) of the wild
type position.
(C–E) CAN cell body positions in wild-type,
sht-1, and myo-3:SLT-1 animals, labeled by
the ceh-23::GFP transgene. In all panels, an
arrow indicates the CAN cell body, and an
arrowhead indicates the vulva. (C) in wild
type animals, the cell body of the CAN neuron
migrates to a position slightly anterior of the
vulva. (D) In a shº-1 mutant animal, the CAN
cell body is found in a more anterior position
relative to the vulva (E) In a myo-3:SLT-1
animal, the CAN cell body is located in a more
posterior position in the tail. Anterior is to the
left, dorsal at the top. Scale bars, 10 p.m.
(F) SAX-3/Robo acts downstream of SLT-1
for CAN cell migration. The percentage of
CAN neurons with cell migration defects was
determined for wild-type, sax-3 and sit-1
loss-of-function mutants, animals carrying
the myo-3:SLT-1 transgene, and double mu
tants between sax-3 and myo-3:SLT-1. n =
78–130. Error bars represent the standard er
ror of proportion.

the AVG neuron in the ventral nerve cord and the poste
rior turning of the DB motor neurons in the dorsal nerve
cord (data not shown). These results demonstrate that
sit-1 affects several anterior-posterior cell migrations,
but it is not the only longitudinal guidance cue in the
embryo.

The sht-1/sax-3 and unc-6/unc-40 Pathways Act
in Parallel for AVM Ventral Guidance
Ventral AVM axon guidance is affected by mutations in
sit-1 and its receptor sax-3 and by mutations in unc-6
and its receptor unc-40. For all of these genes, the pre
sumed null phenotype is a partially penetrant ventral
guidance defect, suggesting that multiple guidance
pathways act in parallel to yield an accurate guidance
decision. Double mutant analysis suggests that sit-1
and sax-3 act in the same pathway for AVM ventral
guidance, as the sax-3(ky123)s/t-1(eh15) double mutant
was no more defective than the (stronger) st-1(eh15)
single mutant (Figure 6A). Similarly, unc-40; unc-6 dou
ble mutants are as defective as either single mutant

alone (Hedgecocket al., 1990). However, double mutant
combinations between slf-1 and either unc-6 or unc-40
were significantly more defective than s/t-1, unc-6, or
unc-40 mutants alone (Figure 6B). The double mutants
were almost completely devoid of ventral axon out
growth, with over 90% of axons extending directly to
the nerve ring in a lateral position. Their defect was
much greater than that predicted by additive effects
of sit-1 and unc-6/unc-40, suggesting that virtually all
ventral guidance information was lost in the double mu
tants.

sit-1 Has a Redundant Function in Nerve Ring
Axon Guidance
The nerve ring phenotypes of sax-3 mutants were far
more severe than those of s/t-1 mutants. To ask whether
sit-1 has any function in the nerve ring, we examined
double mutants between sit-1 and genes in the Netrin
(unc-6/unc-40) and Ephrin (vab-1) pathways, which en
hance nerve ring defects in sax-3 mutants (Zallen et al.,
1999). unc-6 and unc-40 mutants have mild defects in
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Figure 6. Genetic Interactions between sh-1, sax-3, unc-6, and unc-40 in AVM Ventral Guidance
(A and B) AVM ventral guidance defects in single and double mutants, detected with the mec-4:GFP transgene. (A) sax-3 sit-1 double mutants
exhibit no enhancement in AVM defects compared to single mutants. n = 48–367. (B) unc-6 sº-1 and unc-40, sº-1 double mutants exhibit
enhanced defects compared to single mutants. n = 83—208. Error bars represent the standard error of proportion.
(C and D) Organization of the guidance pathways important for AVM ventral guidance. (C) SLT-1 is expressed by dorsal muscles (red), and
UNC-6/Netrin is expressed by ventral cord axons (blue). The AVM neuron, situated laterally, is poised to respond to both of these guidance
factors. Ventral muscles are outlined in gray. (D) The expression of both SAX-3/Robo and UNC-40/DCC guidance receptors in AVM (green)
allows its axon to grow toward the ventral UNC-6/Netrin cue and away from the dorsal SLT-1 cue. Ventral muscles are shown in gray.

the initial ventral guidance of AWB sensory axons and
occasional premature axon termination within the nerve
ring (Table 1 and Figure 7). unc-6 sit-1 double mutants
had significantly more severe ventral guidance and ter
mination defects than unc-6 single mutants (Table 1).
Similar but smaller effects were observed in unc-40;
sit-1 double mutants. These results demonstrate that
removing the UNC-6/UNC-40 pathway unmasks a minor
role for SLT-1 in AWB ventral axon guidance and exten
sion in the nerve ring.

VAB-1 is a C. elegans Eph receptor that is expressed in
neuroblasts and neurons, and vab-1 and Sax-3 mutants
share many phenotypes, including notched heads, re
duced viability, inappropriate axon crossing at the mid
line, and defective ventral axon guidance in the amphid
commissure (George et al., 1998; Zallen et al., 1999)
(Figure 7B). In vab-1 mutants, AWB sensory axons were
defective in their initial ventral guidance, but the mutants
did not have inappropriate anterior axons (Table 1). In
s/t-1; vab-1 double mutants, a fraction of animals had
sax-3-like anterior axon phenotypes that were not ob
served in either single mutant (Figure 7D and Table 1).
These results unmask roles for SLT-1 and VAB-1 in pre
venting anterior axon outgrowth in the nerve ring.

sax-3 sit-1 double mutants had nerve ring defects
that were indistinguishable from those of sax-3 mutants

(Table 1), whereas unc-6 and vab-1 mutants enhance
the defects in sax-3 mutants (Zallen et al., 1999). The
absence of enhancement in sax-3 slf-1 mutants sug
gests that any effects of sit-1 in the nerve ring result
from its function as a sax-3 ligand.

Discussion

Based on its similarity to Drosophila and mammalian
Slit proteins, C. elegans SLT-1 is a predicted ligand
for the SAX-3 receptor in cell and axon guidance. This
prediction was supported by our analysis of slt-1 gain
of-function and loss-of-function mutations, but detailed
analysis of slf-1 function led to several informative and
surprising results. First, sit-1 acts in many guidance de
cisions. Previous analysis of Slit function in Drosophila
and mammals emphasized its role at midline structures,
but C. elegans SLT-1 also functions in long-range dor
sal-ventral guidance and in anterior-posterior guidance.
Second, when instructive dorsal-ventral cues are re
moved, axons do not behave randomly but instead re
spond accurately to an underlying longitudinal pathway.
These results provide insight into the logic of axon guid
ance decisions. Third, some sax-3 functions may be
independent of sit-1. These functions could be ligand
independent orthere may be a second ligand for SAX-3.
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Figure 7. Nerve Ring Axon Guidance is Disrupted in unc-6/unc-40,
wab-7, and vab-1; sº-1 Mutants
(A-D) Axon guidance to and within the nerve ring was analyzed
using the str-1:GFP transgene, which labels the AWB axons. (A)
The wild-type AWB axon grows ventrally to the midline and then
dorsally in the nervering, where it then stops near the dorsal midline.
The AWB dendrite extends to the anterior. (B) In a vab-1(dx31)
mutant, the AWB axon fails to grow ventrally and instead projects
directly to the nerve ring in a lateral position (arrow). This phenotype
is also observed in unc-6 and unc-40mutants. (C) In an unc-6(evé00)
mutant, the AWB axon terminates prematurely (arrow) before reach
ing the dorsal midline. (D) in a vab-1(dx31); sh-■■ eh15) double mu
tant, the AWB axon extends directly to the nerve ring in a lateral
position (arrow) and continues anteriorly past the position of the
nerve ring (arrowhead). Anterior is to the left, dorsal at the top in all
panels. Scale bar, 10 p.m.

SLT-1 Expression in Dorsal Muscles May Direct
Ventral Axon Outgrowth in Larvae
In larvae, s/t-1::GFP is expressed in a striking asymmet
ric pattern, with high expression in dorsal body wall
muscles. This expression pattern coincides with a func
tion for st-1 and its receptor sax-3 in the ventral guid
ance of AVM axons. The similar phenotypes of sax-3,

s/t-1, and sax-3s/t-1 mutants suggests a simple relation
ship between SLT-1, the repulsive ligand, and SAX-3,
the receptor, in this guidance decision. We have not
demonstrated binding of SLT-1 and SAX-3, but their
similarity to the fly and vertebrate Slit and Robo proteins
suggests that their interaction will be direct.

The AVM cell body is on the ventrolateral side of the
animal and does not contact dorsal muscles directly,
so these results suggest that AVM is repelled at a dis
tance from SLT-1 expressed by dorsal body wall mus
cles. This model is supported by the effects of the myo
3:SLT-1 transgene, which shows that AVM axons avoid
SLT-1 and that expression of SLT-1 in ventral muscles
disrupts AVM guidance.

AVM ventral axon guidance can be fully accounted
for by two parallel guidance cues: the repellent Slit,
which acts through SAX-3/Robo to direct axons away
from dorsal body wall muscles, and the attractant UNC
6/Netrin, which acts through UNC-40/DCC to attract
them to the midline (Figures 6C and 6D). Both UNC-40
and SAX-3 receptors are expressed in AVM, where they
appear to act cell autonomously (Chan et al., 1996; Zal
len et al., 1999). The AVM neuron therefore represents
a cell in which two guidance cues act together to drive
accurate axon outgrowth. Most axon guidance mutants
have partially penetrant phenotypes, suggesting the ex
istence of cooperating guidance cues, but there are only
rare examples in which the cooperating cues have been
identified.

The absence of instructive dorsal-ventral guidance
cues in unc-6s/t-1 mutants might be expected to gener
ate a random pattern of axon outgrowth, but instead
over 90% of axons grow anteriorly toward the head.
Anterior longitudinal growth is a normal component of
AVM axon guidance, but in wild-type animals it does
not occur until axons have reached the ventral midline.
The behavior of unc-6s/t-1 axons indicates that an accu
rate anterior guidance system is present in the lateral
body, but AVM axons do not respond to it because
UNC-6 and SLT-1 override this information. The longitu
dinal and dorsal-ventral cues are not integrated but in
stead act in a modular and hierarchical fashion to guide
axons.

In Xenopus spinal cord neurons, the presence of Slit
silences the ability of neurons to respond to Netrin (Stein
and Tessier-Lavigne, 2001). This phenomenon is thought
to be related to a loss of Netrin responsiveness that
occurs as commissural axons cross the midline (Shira
saki et al., 1998). Likewise, axons at the Drosophila mid
line are believed to respond to Netrin and Slit sequen
tially in two antagonistic guidance decisions: Netrin
attracts axons to the midline over long distances; Slit
prevents short-range midline crossing. Our results in
dicate that the same AVM axon can respond to both
UNC-6/Netrin and SLT-1 to stimulate its ventral out
growth. Since AVM would encounter dorsal SLT-1 either
before UNC-6 or simultaneously with UNC-6, silencing
probably does not occur in this context.

Misexpressing SLT-1 can cause a more severe defect
in AVM ventral guidance than a sax-3 or sit-1 null muta
tion and also generates a novel posterior AVM guidance
defect. Thus, repulsion from excess SLT-1 can override
other positional cues that mediate ventral guidance
(UNC-6) and anterior guidance. Similar results have been
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observed in several other systems where multiple guid
ance cues are present (Winberg et al., 1998). These
results suggest that an axon follows the strongest avail
able guidance cue rather than treating all signals equally.

sit-1 regulates ventral midline crossing, but it is not
obvious whichs/t-1-expressing cells are involved. Unlike
fly and vertebrate embryos, C. elegans does not have
specific glial or ependymal cells at the midline but in
stead forms a midline at the subcellular junction be
tween two epidermal cells (Sulston et al., 1983). These
cells do not express s/t-1::GFP. It is possible that the
reporter expression pattern is incomplete. Alternatively,
the slf-1::GFP-expressing anal sphincter cell could con
tribute to the midline; it is immediately adjacent to the
PVT neuron that has some midline functions (Wadsworth
et al., 1996). Another possibility is that SLT-1 is synthe
sized at one location and relocated to the midline by
other proteins. In C. elegans, some extracellular matrix
proteins preferentially assemble onto cells that did not
secrete them (Graham et al., 1997). Vertebrate Slit pro
teins are basement membrane and cell associated
(Brose et al., 1999; Liang et al., 1999), so SLT-1 may be
differentially associated with cell surfaces or different
kinds of basement membrane. Since Netrin can bind
Slit (Brose et al., 1999), UNC-6 might take part in SLT-1
relocation. Examining the distribution of endogenous
SLT-1 protein after it is secreted from cells should clarify
the nature of midline signaling in the nematode.

Embryonic slf-1 Participates in Longitudinal
Guidance
The expression pattern of st-1::GFP in the embryo sug
gests that SLT-1 could provide anterior-posterior guid
ance information. s■ f-1::GFP is expressed in the most
anterior epidermal cells at the time that the nerve ring
and many other nerve bundles form. At later times in
embryogenesis, it is expressed in posterior cells at a
lower level but excluded from the center of the body.
Mutant analysis indicates that SLT-1 affects the poste
rior migrations of the CAN and ALM neurons, presum
ably through long-range repulsion. We suggest that cells
and axons that respond to SLT-1 are expelled from the
poles and directed toward the lowest level of SLT-1 in
the center of the body.

sit-1 and sax-3 overlap with several guidance systems
along the anterior-posterior axis. Other genes that affect
anterior-posterior cell migration in C. elegans include
eg■ -20/Wrt, mig-13, and cam-1/Ror(Whangbo and Ken
yon, 1999; Sym et al., 1999; Forrester et al., 1999). All
of these genes primarily affect cell migrations, so the
mechanisms of anterior-posterioraxon guidance remain
a mystery.

sit-1::GFP is expressed just anterior to the nerve ring,
consistent with a repulsive role for SLT-1 in nerve ring for
mation, yet sit-1 mutants do not exhibit the nerve ring
defects of sax-3 mutants. These results suggest that
sax-3 function in the nerve ring is either ligand indepen
dent or that it involves a second ligand. The C. elegans
genome encodes only one s/t-1 gene, so if a second
SAX-3 ligand exists, it must be significantly different in
sequence. This idea is not unprecedented: Neuropilin-1
acts in receptor complexes for the unrelated ligands
Semaphorin 3A and VEGF (He and Tessier-Lavigne,

1997; Kolodkin et al., 1997; Soker et al., 1998), and,
conversely, the UNC-6/Netrin ligand can interact sepa
rately with two entirely different receptors, UNC-40/DCC
and UNC-5 (Leung-Hagensteijn et al., 1992; Chan et al.,
1996). An alternative possibility is that all five sit-1 alleles
maintain sit-1 function in the nerve ring. This possibility
seems unlikely, since four of the slt-1 alleles display as
strong or stronger defects than sax-3 in dorsal-ventral
guidance, but it cannot be excluded. The five sit-1 alleles
were identified in different screens and disrupt different
domains of the SLT-1 protein. Between the five alleles,
all domains of sit-1 are affected, including the conserved
LRR domains that bind to Robo in vitro (Battye et al.,
2001).

Although sit-1 mutants did not exhibit nerve ring de
fects on their own, a vab-1; Slt-1 double mutant had
sax-3-like phenotypes that were not present in either
single mutant. This result suggests that SLT-1 expres
sion in the anterior does affect nerve ring development
but that this function is normally redundant with other
guidance systems. It also suggests that vab-1 directly
or indirectly contributes to the Slit-independent func
tions of SAX-3. vab-1 is expressed in head neuroblasts
and regulates epidermal and neuroblast migrations in
the head (George et al., 1998; Chin-Sang et al., 1999).
In the sax-3 pathway, VAB-1 could act as a SAX-3 ligand
or coreceptor; it could regulate expression of a SAX-3
ligand or coreceptor; or it could disrupt cell movements
so that a SAX-3 ligand is not presented to SAX-3-
expressing cells.

In summary, in C. elegans, SLT-1 acts in many guid
ance decisions to shape the developing nervous system.
Mammalian Slit genes are expressed at the midline, but
they are also expressed by nonmidline tissues including
forebrain neurons, motor neurons, somites, limbs, and
kidneys (Li et al., 1999; Nguyen Ba-Charvet et al., 1999;
Yuan et al., 1999; Piper et al., 2000). These sources of
Slit have the potential to guide axons in a variety of
environments. Moreover, there is evidence that mam
malian Slits have some functions that are distinct from
Robo-dependent repulsion. For example, Slitz protein
can stimulate axon branching of dorsal root ganglion
neurons in vitro (Wang et al., 1999), Slit is cleaved into
different proteolytic forms with distinct activities (Wang
et al., 1999; Nguyen Ba-Charvet et al., 2001), and Slit
proteins can bind to Netrin and laminin in addition to
binding the Robo receptor (Brose et al., 1999). These
results point to differences between the functions of
Robo and Slit. Future studies will determine whether
there is a conserved non-Slit ligand for Robo receptors,
as suggested by the comparison between sit-1 and
sax-3.

Experimental Procedures

Strains
Wild-type animals were C. elegans variety Bristol, strain N2. Worms
were grown at 20°C and maintained using standard methods (Bren
ner, 1974). Strains used in these studies included CX5001 [sht
1(eh15) X], CX5346 [s/t-1(ev740) X], CX5347 [sit-1(ev741) X], CX5463
[sht-1(ok255) X], CX5438 [s/t-1(tm307) X], CX3198 (sax-3■ ky123) X],
CX3171 (sax-3(ky200) X], NW434 [unc-6(ev400) X], CX5353 (unc
40(e1430) I), CB271 (unc-40(e271) []. CZ337 (vab-1(dx31) I■ l. CX4384
■ ky's 174 (st-1::GFP) V, CX4711 [zbis3 (mec-4::GFP); myo-3:SLT
1■ kyEx441), CX5067 (zdiss (mec-4::GFP) l; dpy-20(e1282) IV:
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kyls218 (myo-3:SLT-1), Cx3553 ■ kyls 104 (str-1:GFP) x], CX5334
[oy's 14 (sr■ -6::GFP) Vl. CX2644 [kyist (ceh-23::GFP) X], and CX4971
[zdis5(mec-4:GFP) ■ ]. The oyist4 strain was kindly provided by Piali
Sengupta, and the zoºls3 strain was kindly provided by Scott Clark.
Some strains were provided by the Caenorhabditis Genetic Center.

cDNA isolation
Three partial shº-1 cDNAs were isolated by screening a mixed-stage
C. elegans cDNA library at high stringency with an RT-PCR product
generated to the predicted sequence. One cDNA was sequenced
in its entirety, and the rest were partially sequenced. The longest
cDNA, clone 29a1, contained 2.5 kb of the sit-1 coding region which
represented amino acid 331 to 1143 in the SLT-1 protein.

The 5' end of the sn-1 coding region was identified by RT-PCR
from wild-type N2 RNA using primers from the sº-1 coding region
and the C. elegans splice leader SL1. The 3’ end of the sit-1 coding
region was identified by RT-PCR using primers from the sit-1 coding
region and the 3' UTR. The sit-1 sequence was confirmed and its
genomic organization determined by aligning the cDNA with the
reported genomic sequence from the C. elegans genome sequenc
ing consortium.

sht-1 Expression Analysis
A transcriptional sit-1::GFP fusion was constructed by cloning a
PCR fragment containing 4 kb of sli-1 upstream sequence and in
cluding the first two codons of the sº-1 gene into the Bambºl/HindIII
sites of the GFP expression vector ppD95.77 (generously provided
by Andrew Fire). The sit-1::GFP transgene was injected at 100 ng/ml
into lin-15(n?65ts) x mutant animals using a lin-15(+) plasmid at 50
ng/ul as a coinjection marker (Huang et al., 1994). Transformants
were maintained by selecting animals rescued for the lin-15 multivul
val phenotype.

The sº-1::GFP transgene was integrated using trimethylpsoralen
and one integrant, kyls?74, was outcrossed twice against the wild
type strain N2. Mapping of kyist74 to chromosome V was performed
by analyzing linkage to visible markers.

myo-3:SLT-1 Misexpression Analysis
The full-length sit-1 cDNA was cloned into the Kpnl/Saci sites of
pPD96.52 (a gift from Andrew Fire), directly downstream of the
myo-3 promoter. The myo-3:SLT-1 fusion gene was injected at
100ng/ul intozbis3(mec-4::GFP) animals using astr-1::GFP plasmid
at 50 ng/ul as a coinjection marker. Transformants were maintained
by selecting animals expressing GFP in the AWB neurons. Pheno
types resulting from this injection were assessed in variably mosaic
animals that contained the myo-3:SLT-1 plasmid as unstable extra
chromosomal DNA. The myo-3:SLT-1 fusion gene was also injected
at 500 ng/ul into zdiss (mec-4::GFP) l; doy-20(e1282) IV animals
using a doy-20(+) plasmid at 20 mg/ul and a str-1:GFP plasmid at
5 ng/ml as a conjection marker. Transformants were maintained by
selecting animals rescued for the Dpy phenotype with GFP expres
sion in the AWB neurons. The myo-3::SLT-1 transgene was inte
grated using trimethylpsoralen and one integrant, ky■ s218, was fur
ther characterized in these studies.

Immunohistochemistry
Fixation and staining of ky■ s174 (sit-1:GFP) embryos were per
formed as described in Finney and Ruvkun (1990). kylst 74 (sht
1::GFP) embryos were double stained with a monoclonal antibody
against the epithelial junction protein JAM-1 (MH27) at 1:100 dilution
and a polyclonal antibody against GFP (Molecular Probes) at 1:100
dilution. Cy3-conjugated donkey a-mouse and FITC-conjugated
donkey a-rabbit secondary antibodies (Jackson ImmunoResearch
Labs, Inc.) were used at 1:100 dilution.

isolation and Sequencing of EMS-induced sº-1 Alleles
A genetic screen designed to identify mutants defective in the ven
tral guidance of the AVM and PVM axons was performed in an
unc-40(ev547) background. A mec-7:GFP transgene was used to
visualize these neurons and their axon projections. Individual F2
progeny of EMS mutagenized unc-40(ev547); mec-7:GFP worms
were then screened for AVM and PVM guidance defects. The screen
yielded two alleles in a single gene, ev/40 and ev/41, which mapped

near shr-1. The ventral guidance defects observed in ev/40 were
rescued with a fragment of cosmid C26G2 containing the slf-1 gene.

To identify the mutations in these two sit-1 alleles, the open read
ing frame and splice junctions of the mutant alleles were PCR ampli
fied from genomic DNA preparations of the mutant strains. PCR
fragments were sequenced on both strands to identify the mutation
and a separately amplified PCR fragment was sequenced on both
strands to confirm the mutation.

Isolation and Sequencing of slf-? Deletion Alleles
The slf-1(ok255) in-frame deletion was isolated by PCR as described
(Dernburg et al., 1998). Nested PCR primers directed against the 5’
end of the sit-1 gene were used to screen a deletion library, and a
fragment containing a 2.2 kb deletion was identified in a pool of
mutagenized animals. After several rounds of sib selection, animals
homozygous for the deletion were isolated and the deletion
breakpoints determined by sequencing both strands of a PCR prod
uct amplified from the mutant strain.

The sh-1■ tm307) in-frame deletion mutation was isolated as de
scribed in Gengyo-Ando and Mitani (2000). The lesion in sit-1■ tm307)
corresponds to a 1.1 kb deletion at the 5' end of the sit-1 gene.

The shr-1(eh15) deletion allele was kindly provided by David
Hughes and Alan Coulson at the C. elegans knockout consortium.
A2kb deletion was identified near the 5' end of thes/t-1 gene. Upon
further examination, we determined that the larger 2 kb deletion was
actually two deletions in the same locus: a 1.9 kb and an adjacent
100 bp deletion. The deletion breakpoints were determined by se
quencing both strands of a PCR product spanning the deletion from
the mutant strain. Animals homozygous for the sh-1(eh15) deletion
also contained a duplication in the sit-1 gene, determined by South
ern blotting to span >1.5 kb. Both duplicated copies had the 100
bp deletion (spanning nucleotides 28197 to 28294 in C26G2), but
only one copy had the 1.9 kb deletion at this locus. The copy with
only the 100 bp deletion also contained a duplication of nucleotides
28300 to 28396 in C26G2 that began five nucleotides after the dele
tion. Both copies of sit-1 are mutant, as confirmed by both DNA
sequence and RT-PCR analysis of shº-1 mRNA. No sº-1 mRNA was
detected for the locus with the larger deletion. st-1 mRNA was
detected at the locus with the smaller deletion, sequenced, and
found to include a frameshift so that the encoded protein would
end at amino acid 528 in the third LRR.

Microscopy
Animals were mounted on 2% agarose pads in M9 buffer containing
5 mM sodium azide and examined by fluorescence microscopy.
Images were captured using laser scanning confocal microscopy.
For some figures, a stack of images were obtained using confocal
microscopy and projected into a single plane for presentation.
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Summary

Axon branching allows neurons to innervate multiple targets in both vertebrates and

invertebrates. In C. elegans, the primary axon of the ADL neuron extends both a dorsal

and ventral branch into the nerve ring. Genetic screens in animals that express the green

fluorescent protein in ADL identified four categories of bad genes that affect axon branch

formation. bad-1, unc-6, and unc-40 mutations disrupt both ADL ventral branching and

the guidance of its primary axon, while bad-3 and unc-51 mutants display specific defects

in ventral branching. The dorsal branch of ADL is specifically disrupted in bad-2, unc

33, unc-44, unc-119, and lin-11 mutants, and mutations in bad-4 and unc-34, as well as

four other genes, cause variable dorsal or ventral branching defects. Several of these

genes also affect touch neuron axon guidance and branching, indicating that they act in

multiple cells and multiple axon development events. bad-4 and sax-3 display similar

defects in axon branching and neuronal migration, and bad-4 acts in the slt-1/sax-3

pathway for ventral axon guidance. These genes define pathways required for axon

guidance and branching during nervous system development.

Introduction

The process of axon branching allows neurons to establish connections with multiple

targets during development. Axon collaterals are thought to be generated by three

different mechanisms: bifurcation, delayed budding, and interstitial branching (reviewed

in Acebes and Ferrús, 2000). Bifurcation occurs when a growth cone splits, generating

two branches that diverge in their paths. Delayed budding involves the demarcation of

future sites of axon branching by lengthy pausing behaviors and enlargement of the

** º
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growth cone. After a new growth cone forms and resumes forward advance,

membranous remnants of the paused growth cone are left behind on the axon shaft from

which axon collaterals later emerge. Finally, in interstitial branching, axon collaterals are

initiated from an apparently stable portion of the axon shaft and extend in an orthogonal

direction up to several days after the growth cone has advanced beyond the target

innervated by the branch. Axon branching is a highly dynamic process involving many

transient structures that are later retracted. In those that stabilize, however, a local

fragmentation of microtubules within the primary axon occurs, followed by the invasion

of these microtubule fragments into the developing axon branches (reviewed in Kalil et

al., 2000).

Although several positive and negative regulators of the guidance of primary

axons have been identified (Tessier-Lavigne and Goodman, 1996), little is known about

the molecular mechanisms that control axon collateral formation, extension, and

stabilization. Extensive studies on the projections of layer five cortical neurons to

subcortical regions have revealed the existence of a diffusible branch-inducing factor

secreted by one of their targets, the basilar pons (Heffner et al., 1990; O’Leary et al.,

1990). The presence of pons tissue increases the frequency of branch formation and

orients the branches towards the tissue (Sato et al., 1994). However, the molecular

identity of this factor remains unknown. Recently, Slit2 has been implicated as a positive

regulator of axon branching and elongation for dorsal root ganglion sensory axons in

vitro (Wang et al., 1999). In addition, the KAL-1/Anosmin-1 extracellular protein

exhibits a branch-promoting activity in both C. elegans and rodents (Bülow et al., 2002;

Rugarli et al., 2002; Soussi-Yanicostas et al., 2002). The neurotrophins NT-3 and BDNF

* -
-- **
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promote the sprouting of corticospinal axons and the arborization of Xenopus optic

tectum axons within target regions, respectively (Schnell et al., 1994; Cohen-Corey and

Fraser, 1995). Neurotrophins have not been shown to regulate collateral formation before

a primary axon has reached its target field, however.

The nematode C. elegans provides a simple and well-characterized organism in

which to study the molecular mechanisms of axon branch formation. Relatively few

neurons in the nematode project axon collaterals, but those that do typically extend only

one or two branches in a highly stereotyped manner. The ADL sensory neuron, for

example, first projects a primary axon into the nerve ring, a large neuropil in the head of * * *

the animal, and then extends both a dorsal and ventral branch within the nerve ring. The

PLM mechanosensory neuron extends an axon collateral into the ventral nerve cord at a

time after the primary axon has passed the site of branch formation. --~ *

The discovery that conserved families of molecules involved in axon guidance

also play an important role in axon collateral formation suggests that common

mechanisms may underlie both axon guidance and branching. In C. elegans, the UNC-6

attractive guidance cue and its receptor, UNC-40/DCC, act in parallel to the SLT-1/Slit º
repulsive guidance cue and its receptor, SAX-3/Robo, for ventral guidance of the AVM

mechanosensory neuron (Hao et al., 2001). In addition, the UNC-6/UNC-40 and SLT

1/SAX-3 pathways act in parallel to the VAB-2/VAB-1 Ephrin/Eph receptor tyrosine

kinase for nerve ring axon guidance (Zallen et al., 1999; Hao et al., 2001). The

involvement of these guidance pathways in axon collateral formation in C. elegans

remains unknown, however.
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To begin to study the molecular mechanisms that control axon collateral

formation, we initiated a genetic analysis in C. elegans by focusing on the axon

branching of the ADL neuron. We conducted a screen and examined previously

identified axon guidance mutants for defects in ADL dorsal or ventral branch formation.

From the screen, we isolated 37 mutations that represent at least 17 genes, which we have

designated as bad genes (for branching of axon defective). Some mutations disrupted

ADL ventral branching and the guidance of its primary axon, while other mutations

specifically disrupted either ventral or dorsal branching. Finally, one class of mutants ,---

had a general defect in axon branch formation, and displayed a variable loss of the dorsal *_ _* º

or ventral branch. In addition, we carried out a candidate gene approach by examining

axon guidance mutants for ADL branching defects and observed that genes previously

implicated in axon outgrowth and guidance also function in axon branching. We also ---

found that several novel bad mutants exhibit axon guidance defects, and that bad-4 acts ---------

in the slt-1/sax-3 pathway for AVM ventral guidance. Our results provide evidence that º :
common molecular mechanisms underlie axon guidance and branching, and give insight

-

into the genes and pathways required for axon branch formation. º

Results

Identification of mutants with axon branching defects

The ADL neurons are a bilaterally symmetric pair of chemosensory neurons that project

axons into the nerve ring. Each ADL neuron has a ciliated dendrite that extends

anteriorly and an axon that enters the nerve ring laterally, where it then branches into

both a dorsal and a ventral process (Figure 1A). To visualize ADL axonal processes in
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living animals, a 4kb region upstream of the putative seven transmembrane domain

olfactory receptor SRH-220 was used to direct expression of GFP specifically to the pair

of ADL neurons (Figure 1B). The srh-220::g■ p transgene robustly labeled both ADL

axon branches, which were of approximately equal length in adult animals. However, in

newly hatched animals (L1 stage), we observed that the dorsal branch appeared

completely formed, but the ventral branch had just initiated outgrowth, suggesting that

the ventral branch could be a collateral that extended during larval development (Figures

1C and 1D).

Using srh-220::g■ p as a marker for ADL axonal morphology, we conducted ** * *

screens for mutants with visible defects in branch formation. Both F2 clonal and non

clonal screens were performed on EMS-mutagenized animals carrying the srh-220::g■ p

transgene to identify mutations that disrupted ADL branching. In the clonal screen of * -- ~ *

around 1000 genomes, we isolated 22 mutations, and in the non-clonal screen of

approximately 5000-10,000 genomes, we isolated 15 mutations. Mapping and -

complementation testing of 23 of these mutants indicated that we had identified

mutations in at least 17 genes (Table 1). The new genes were designated bad genes (for *.***

branching of axon defective). These genes defined four main categories: (1) three genes

required for ADL ventral branching and primary axon guidance into the nerve ring, (2)

three genes specifically involved in ventral branching, (3) six genes required for dorsal

branch formation, and (4) five genes that have a more general role in promoting dorsal

and ventral branching.
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bad-1, unc-6/metrin, and unc-40/DCC mutations disrupt both branching and

guidance of sensory neurons

One class of mutants we isolated consisted of eight mutations in three genes that

primarily affected ventral branch formation: bad-1, unc-6/netrin, and unc-40/DCC

(Table 2). Multiple alleles were identified in each of these three genes, indicating that the

visual screen for this particular phenotype is near genetic saturation. In bad-1 mutants,

while the dorsal branch maintained its normal morphology, most ADL axons either

lacked the ventral branch completely or occasionally displayed a ventral process that 2 --

terminated prematurely (Figures 1 E-1H). Both previously characterized alleles of unc-6

and unc-40 and ones obtained from our screen exhibited the same ventral branching

phenotypes to those observed in bad-1 mutants (Tables 2 and 3). Interestingly, unc-5

mutants were wild-type for ADL axon branching (Table 3). Mutations in bad-1, as well

as unc-6 and unc-40, also caused the primary axon of ADL to sometimes project

ventrally into the nerve ring instead of laterally (Figures 1 I and 1J). However, this axon

guidance defect was of significantly lower penetrance than the ventral branching defect in

all alleles isolated (Table 2). Thus, these data suggest that bad-1, unc-6, and unc-40 play ---
a major role in directing ADL ventral branch formation and a minor role in the guidance

of its primary axon laterally into the nerve ring.

The severity and specificity of ADL ventral branching defects prompted us to

examine axon branch morphology of other neurons in these mutants. To accomplish this,

we made use of a mec-4::g■ p transgene, which is expressed only in the six touch-sensitive

neurons, including the two PLM neurons and AVM. In wild-type animals, the primary

axon of PLM extends anteriorly from the tail and projects a ventrally directed axon
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collateral near the vulva. In bad-1 mutants, however, 43% of these branches were either

completely missing, or in 17% of animals examined, shorter than normal (Table 4).

Mutations in unc-6 and unc-40 displayed identical branching defects, at comparable

severities. Interestingly, unc-6 mutants exhibited defects primarily in PLM branch

formation, while unc-40 and bad-1 mutants had significant defects in branch extension as

well (Table 4). Mutations in these genes did not affect the outgrowth of the PLM

primary axon, indicating that they act specifically in collateral formation and extension.

bad-1 mutants also displayed defects in axon guidance similar to those observed

in unc-6 and unc-40 mutants. In wild-type animals, the axon of AVM first grows

ventrally to the ventral nerve cord and then extends anteriorly to the head. However, in

bad-1, unc-6, and unc-40 mutants, the axon of AVM failed to migrate ventrally, but

instead projected anteriorly in a lateral position. bad-1 and unc-40 mutants displayed

AVM ventral guidance defects of comparable severity (9% and 12% defective,

respectively; Figure 2A). In addition to axon guidance defects, AVM branching was also

disrupted in bad-1 mutants. In wild-type animals, a dorsally-directed axon collateral

projects from the AVM primary axon into the nerve ring. In bad-1 mutants, however,

almost 50% of animals exhibited either a severely shortened AVM branch or no branch at

all (data not shown). We also observed similar branching defects in unc-6 and unc-40

mutants. These results demonstrate that bad-1 is required for both axon guidance and

branching, and reveal a novel branch-promoting function of unc-6 and unc-40 in addition

to their well-characterized roles in axon outgrowth and guidance. A more detailed

phenotypic and molecular analysis of bad-1 and its role in the unc-6/unc-40 pathway is

presented in Chapter 4 of this thesis.

-*
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bad-3 and unc-51 mutants display specific defects in ADL ventral branching

Mutations in bad-3 and unc-51 caused defects in ADL ventral branch formation, but did

not affect the guidance of its primary axon laterally into the nerve ring (Table 2). These

branching defects were similar to those observed for bad-1 mutants, with the ventral

branch either completely missing or terminated prematurely. We isolated two other

mutants with ventral branch-specific defects, bad-9(ky583) and bad(ky597), but these

have not been further characterized phenotypically. An analysis of previously identified

mutants revealed that unc-14 is also required for ventral branching (Table 3). Both unc
-*

-- **51 and unc-14 have been shown to be required for axon outgrowth and guidance, and

encode a serine/threonine kinase and an interacting protein, respectively (Ogura et al.,

1994, 1997).

Upon analysis of other mutations known to affect axon morphology, we

discovered that three additional genes play a role in ADL ventral branching: ina-1, vab

1, and vab-2 (Table 3). vab-1 encodes a C. elegans Eph receptor that is involved in axon

guidance into the nerve ring (George et al., 1998; Zallen et al., 1999), and vab-2 encodes

its ligand (Chin-Sang et al., 1999). The INA-1 O-integrin is required for axon º
fasciculation in the nerve ring and neuronal migrations (Baum and Garriga, 1997). The

VAB-2/VAB-1 ephrin/Eph receptor pair may act redundantly with other pathways to

direct ventral branch formation, as mutations in either vab-1 or vab-2 exhibited only mild

ADL ventral branching defects (Table 3). It will be interesting to explore integrin and

ephrin function in nerve ring formation.

We next examined the axon morphologies in bad-3 and unc-51 mutants in greater

detail. Using the mec-4::g■ p transgene, we assessed whether these mutants had guidance
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and branching defects in touch cells. In unc-51 mutants, a disruption in AVM ventral

guidance was observed; almost 20% of these axons projected laterally instead of ventrally

(Figure 2A). Similarly, bad-3 mutants displayed a defect in AVM ventral guidance; 14%

of axons misprojected (Figure 2A). Mutations in unc-51 also disrupted PLM branching.

Interestingly, the primary defect observed in unc-51 mutants was a mispositioning of the

branch (Table 4). In 54% of unc-51 mutants, the PLM branch formed and extended to

the ventral cord as in wild-type animals, but branching occurred at random positions

posterior to its normal location at the vulva. There were also minor defects in ventral
**

-- ***branch formation and primary axon outgrowth (4% each; Table 4).

bad-2, unc-33, unc-44, unc-119, and lin-11 mutations disrupt ADL dorsal branching

In additional to bad-2, a new gene identified from our screen, we have found that unc-33, -- - -

unc-44, and unc-119, three previously characterized genes encoding cytoplasmic proteins

required for nerve ring axon outgrowth, are involved in dorsal ADL branch formation

(Table 1). bad-2 mutants were defective primarily in dorsal branching (Figures 1 K and

1L) and exhibited low penetrance defects in ventral branching and primary axon ****

guidance. unc-33, unc-44, and unc-119 mutants only displayed a dorsal branching defect

(Table 2). unc-33 encodes a conserved protein implicated in axon extension, unc-44

encodes a nematode ankyrin homolog, and unc-119 encodes a novel protein expressed in

all neurons (Li et al., 1992; Maduro and Pilgrim, 1995; Otsuka et al., 1995). Although

these three genes are thought to be required for general axon outgrowth, our results

suggest that they can act in specific branching decisions as well.
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We isolated two other mutants with dorsal branching defects from our screen:

bad-5 and lin-11 (Tables 1 and 2). After an initial assignment of bad-5 to chromosome V

followed by Tcl polymorphism mapping (Table 5), this mutant was not characterized

further. lin-11 encodes a LIM homeobox transcription factor (Freyd et al., 1990) that is

expressed in the ADL neuron (Hobert et al., 1998). Although lin-11 specifies

chemosensory neuron fates (Sarafi-Reinach et al., 2001), it is unclear whether the

branching defects observed are due to changes in ADL fate, or whether LIN-11 activity is

required for the transcription of dorsal-specific branching genes. Interestingly, lin-11
**

• **mutants also have defects in HSN axon branching (Garriga et al., 1993). However, the

HSN defect could be a consequence of the known lin-11 defects in vulval cell fate, as

vulval cells are required for proper HSN branching (Garriga et al., 1993). Furthermore, a

lin-11::g■ p reporter is not expressed in HSN, suggesting a cell-non-autonomous role of

lin-11 in HSN axon branching (Hobert et al., 1998).

We also analyzed bad-2 and unc-44 mutants for defects in AVM ventral guidance

using a mec-4::g■ p transgene. While bad-2 mutants displayed no AVM guidance defects,

unc-44 mutants exhibited a high penetrance misprojection of the AVM axon (Figure 2A). --> *

Similarly, we found that mutations in unc-44, but not bad-2, disrupted PLM branching

(Table 4). PLM axons in unc-44 mutants frequently had no branches, and even those

PLM axons that did branch were either shorter or mispositioned compared to wild-type.

In summary, unlike bad-1 and bad-3, bad-2 does not appear to be involved in multiple

guidance and branching decisions, but rather has a select role in ADL dorsal branching.

unc-33, unc-44, unc-119, and lin-11 are involved in both ADL dorsal branching and other

cell biological processes.
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bad-4, sax-3, and unc-34 act in concert to promote ADL dorsal and ventral branch

formation

The final category of mutants isolated from our screen displayed variable ADL branching

defects, where either the dorsal or the ventral branch was missing. For the putative novel

genes, we identified two alleles of bad-4, and one allele each of bad-6, bad-7, and bad-8

(Table 1). We also recovered an allele of unc-34, which had the most severe defects in

ADL dorsal or ventral branching (Table 2). The defects observed in our allele were

comparable to those seen in the null allele, unc-34(gm/04) (Table 3). Interestingly, sax-3

mutants displayed identical branching defects, but at lower penetrances (Table 3). sax-3

encodes the C. elegans Robo repulsive guidance receptor and is required for multiple

guidance decisions, including nerve ring axon guidance (Zallen et al., 1998, 1999). unc

34 encodes an Enabled homolog, implicated as a signaling component of both attractive

and repulsive guidance pathways in the nematode (Yu et al., 2002; Gitai et al., 2003).

Furthermore, UNC-34 interacts directly with the SAX-3 cytoplasmic domain and they act

in the same pathway for AVM ventral guidance (Yu et al., 2002). Surprisingly, slt-1

mutants are wild-type for ADL branching (Table 3). These results thus suggest that ADL ****

branch formation mediated by the sax-3/unc-34 pathway is either ligand-independent or

requires a ligand other than SLT-1.

An excellent candidate for a second SAX-3 ligand or component of the

downstream signaling pathway is the protein encoded by the bad-4 gene. In addition to

defects in ADL dorsal or ventral branching (Table 2), bad-4 mutants have notched heads

and are slightly dumpy and egg-laying defective, all characteristics of sax-3 mutants. In

addition, similar to sax-3 mutants (Hao et al., 2001), bad-4 mutants displayed defects in
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ALM neuronal migration, with 20% of ALM cell bodies stopping short of their final

position. bad-4 is allelic to fam-1, and had been shown previously to regulate HSN axon

crossing at the midline (Forrester and Garriga, 1997). Similarly, mutations in sax-3

disrupt HSN axon guidance at the midline (Zallen et al., 1998).

To determine if bad-4 acts in the sax-3 pathway, we performed a double mutant

analysis in the AVM neuron. Previous studies have indicated that the unc-6/unc-40

pathway functions in parallel to the slt-1/sax-3 pathway for AVM ventral guidance (Hao

et al., 2001). We constructed a bad-4; unc-6 double mutant and asked whether ventral

guidance defects were enhanced when compared to each single mutant alone. While bad- º, ºr *

4 single mutants were wild-type for AVM ventral guidance, a bad-4; unc-6 double

mutant showed marked enhancement of ventral guidance defects over the unc-6 null

allele (Figure 2B). The defects observed were slightly less severe than an unc-6; slt-1

double, where all guidance information is removed, indicating possible genetic

redundancy in the sax-3 pathway (Figure 2B). These results, taken together, strongly

suggest that bad-4 acts both in sax-3-dependent repulsive axon guidance and induction of *****

branching. ~

Mutations in bad-6, bad-7, bad-8, and bad(ky581) also displayed variable

branching defects in ADL (Table 2). We have assigned bad-6, bad-7, and bad-8 to

specific chromosomes and have performed initial Tcl polymorphic mapping on these

three genes (Table 5), but have not continued with further phenotypic characterization.

Our analysis of previously identified axon guidance mutants revealed that mutations in

unc-73, mig-2, and unc-76 also disrupt ADL dorsal or ventral branching (Table 3). mig-2

encodes a Rho family GTPase most similar to Rac (Zipkin et al., 1997), and unc-73
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encodes a Trio protein that acts as an exchange factor for Rho family small G proteins

(Steven et al., 1998). The activated mig-2(rh 17) allele, but not the strong loss-of-function

mig-2(mu28) and unc-73(e.936) alleles, displayed ADL branching defects, suggesting that

regulation of GTPase signaling is important for the development of both branches. unc

76 encodes a novel conserved cytoplasmic protein involved in axon outgrowth and

fasciculation (Bloom and Horvitz, 1997). Our work suggests that it is also necessary for

the formation of axon branches.

We also examined AVM ventral guidance and PLM branching in unc-73 mutants ,---
-, * *using the mec-4::g■ p transgene. unc-73 mutants displayed a modest defect in ventral

guidance, with over 20% of AVM axons projecting laterally instead of ventrally (Figure

2A). In contrast, PLM axon outgrowth and branching were almost completely defective

(Table 4). Mutations in unc-73 disrupted multiple aspects of PLM axon morphology, º

with the most severe defect being primary axons that terminated prematurely and lacked

a ventral branch. Other phenotypes observed were ventral branch loss or mispositioning,

as well as primary axon termination with a mispositioned branch. Our data on PLM

outgrowth and branching defects in unc-73 mutants are consistent with a previous report, ~~~~

which also demonstrated that UNC-73 acts cell-autonomously in PLM (Steven et al.,

1998).

Mapping of bad-1, bad-2, bad-3, and bad-4

Complementation testing and genetic mapping indicated that mutations in bad-1, bad-2,

and bad-3 identify new genes, and that bad-4 is allelic to fam-1. The positions of these

genes on the C. elegans genetic map are illustrated in Figure 3.
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Through a combination of mapping using Tcl polymorphisms and deficiencies,

we have placed bad-2 on chromosome I between lin-11 and the yeast artifical

chromosome (YAC) Y10E8, and bad-3 between unc-75 and unc-101 (Figure 3A).

Complementation testing determined that bad-2 is not an allele of either lin-11 or unc-14,

and bad-3 is not allelic to unc-14. Using both Tcl and single nucleotide polymorphism

mapping as well as deficiency mapping, we have placed bad-4 on chromosome III in a

small region of about 500 kb between the cosmid C30D11 and mab-21 (Figure 3B).

Initial mapping placed bad-1 on chromosome V between unc-34 and unc-60 (Figure 3C). ,---

A more detailed mapping description for bad-1 is presented in Chapter 4 of this thesis. º º

Discussion

In a screen to identify genes required for ADL axon branching, we have isolated a º º

collection of bad mutants displaying distinct branching defects. Characterization of 23 of --------

these mutants revealed mutations in 17 genes, consisting of both novel and previously º :
identified genes. Mutations in bad-1, unc-6, and unc-40 disrupt guidance and branching

in ADL and the AVM and PLM touch neurons, while mutations in bad-3 and unc-51 º
disrupt ADL ventral-specific branching and AVM axon guidance. bad-2, unc-33, unc

44, unc-119, and lin-11 are required for ADL dorsal-specific branching, while bad-4,

unc-34, and four other genes are involved in the formation of both axon branches. In

addition, bad-4 and sax-3 display similar branching and cell migration defects, and bad-4

acts in the slt-1/sax-3 repulsive pathway for AVM ventral guidance. Mutations in several

of these genes disrupt axon branching as well as guidance in multiple neurons, indicating

that their function is not limited to ADL. Based on our results, we propose the following
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model for the establishment of ADL axon branches during development: the bad-4/sax

3/unc-34 pathway and other bad genes (1) may be used throughout development to

promote the formation of both branches, while other genes and pathways are required at

specific times to direct dorsal (2) or ventral (3) branching (Figure 4).

The sax-3/robo pathway functions in promoting ADL axon branching independent

of slt-1

Although sax-3 and unc-34 are known to act together to mediate multiple axon guidance
,---

** ***and neuronal migration decisions, their involvement in axon collateral formation was

unknown (Yu et al., 2002). Our studies indicate that both genes are required for the

general formation of axon branches, because mutations in sax-3 or unc-34 cause a non

specific loss of either the dorsal or ventral ADL branch. bad-4 mutants display identical º º
branching defects to those observed in sax-3 and unc-34, suggesting that these three

genes may act in the same genetic pathway. Indeed, bad-4 acts in concert with sax-3 for

repulsive AVM ventral guidance, in parallel to the unc-6/unc-40 attractive pathway.

Furthermore, bad-4 and sax-3 mutants have similar defects in neuronal migration, *-**

midline crossing, and head morphology (Forrester and Garriga, 1997; data not shown).

These results provide evidence that bad-4, sax-3, and unc-34 act together in axon

guidance and most likely axon branching as well.

Interestingly, no ADL branching defects are observed in slt-1 mutant animals. Slt

1 encodes a ligand for the SAX-3/Robo receptor, and SLT-1 activity is required for

ventral guidance, midline crossing, and cell migration (Hao et al., 2001). Surprisingly,

slt-1 mutants do not exhibit the nerve ring and epithelial defects of sax-3 mutants,
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suggesting that SAX-3 has both SLT-1-dependent and SLT-1-independent functions in

development (Hao et al., 2001). Thus, the lack of a branching defect in slt-1 mutants also

could be due to a SLT-1-independent function of SAX-3. The protein encoded by the

bad-4 gene provides an excellent candidate for a SAX-3 ligand involved in SLT-1-

independent axon branching, epithelial morphogenesis, and nerve ring development.

However, the finding that bad-4 acts in parallel to the unc-6/unc-40 pathway for AVM

ventral guidance indicates that BAD-4 is also required for SLT-1-dependent axon

guidance. If bad-4 encodes a second SAX-3 ligand, two ligands may function ,---

redundantly for AVM repulsive guidance. Alternatively, bad-4 could encode a SAX-3 º
~ º

signaling component required for both SLT-1-dependent and SLT-1-independent

processes. Future studies directed at the cloning and molecular characterization of bad-4

will provide invaluable insight into its function in the sax-3 pathway. º .

!. -**

A distinct set of bad genes functions in either ADL dorsal or ventral branch º:

formation º

ADL dorsal branch formation and outgrowth occur during embryogenesis, and the dorsal º
branch appears to be completely developed by the first larval stage. The UNC-33, UNC

44, and UNC-119 cytoplasmic proteins are required for ADL dorsal-specific branching,

along with the new genes bad-2 and bad-5. Previous studies have demonstrated that

mutations in unc-33, unc-44, and unc-119 disrupt axon outgrowth in several neuron

classes, including head sensory neurons (Hedgecock et al., 1985; Desai et al., 1988;

Zallen et al., 1999). unc-33 and unc-44 are also required for ventral axon guidance of the

HSN neuron, and unc-44 mutants display AVM ventral guidance defects (Desai et al.,
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1988; McIntire et al., 1992; Zallen et al., 1999; the present study). Interestingly, loss-of

function mutations in unc-119 cause excessive branching in multiple neurons (Knobel et

al., 2001), suggesting that UNC-119 could act to either promote or inhibit branching,

depending on the particular type of neuron. UNC-44 is a C. elegans ankyrin, a protein

that links transmembrane receptors to the actin cytoskeleton (Otsuka et al., 1995) and the

UNC-33 family of conserved proteins may act downstream of receptors for the

semaphorin guidance cue (Goshima et al., 1995). UNC-44 is required for the proper

localization of UNC-33 (W. Li and J. Shaw, personal communication). These results
,---

suggest that UNC-44 may link an unidentified receptor to UNC-33 and other cytoplasmic --- .

factors such as UNC-119, perhaps directing their proper localization to the dorsal branch -

to mediate its formation and/or outgrowth. bad-2 and bad-5 are candidate genes

encoding a ligand, receptor, or signaling component(s) involved in ADL dorsal -- *** º
branching. * - *

The finding that unc-33, unc-44, and unc-119 are required specifically for dorsal :
branching implies that the molecular machinery employed in dorsal and ventral branch º

º >

formation are distinct. Indeed, we identified genes and putative pathways required for º
ADL ventral branching that are unrelated to the proteins necessary for dorsal branch

formation. bad-3 and unc-51 are involved in ADL ventral branching only, while unc-6,

unc-40, and bad-1, perhaps acting together in the same pathway, mediate ventral

branching as well as the guidance of its primary axon. unc-51 encodes a serine/threonine

kinase required for axon outgrowth and guidance (Ogura et al., 1994). Interestingly, unc

51 mutants display atypical vesicular and cisternae-like structures in their axons

(McIntire et al., 1992), suggesting that perturbed membrane trafficking in the axon,
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possibly to the growth cone, disrupts axon outgrowth, and as a consequence, guidance.

This raises the possibility that UNC-51 acts to ensure proper delivery of membranes as

well as branching and guidance proteins to the developing ventral branch.

In both C. elegans and vertebrates, guidance cues and receptors are often

bifunctional. For example, the UNC-6/Netrin cue mediates attractive axon guidance

using the UNC-40/DCC receptor, and repulsive axon guidance using both the UNC-5 and

UNC-40/DCC receptors (Hamelin et al., 1993; Chan et al., 1996; Keino-Masu et al.,

1996; Hong et al., 1999). However, our results indicate that ADL ventral branching ,---

requires UNC-6 and UNC-40, but dorsal branching is UNC-6, UNC-40, and UNC-5- --- .
independent. This surprising finding provides additional evidence that, in addition to

-

genes required for promoting axon branching, a non-overlapping set of genes mediates

either dorsal- or ventral-specific branching. This remarkable use of distinct molecules º **

and pathways for ventral branch formation may rely on the proper localization of - * * ~ *

branching receptors are their signaling components, such as those proposed for UNC-44

and dorsal branching. Consistent with this prediction, both UNC-40 and BAD-1, a º º

putative component of the UNC-40 signaling pathway, are preferentially localized to the º
ventral branch (see Chapter 4 of this thesis). It will be interesting to determine whether

the protein products of other genes required for either dorsal or ventral branching are

localized to those specific branches.

Common mechanisms underlying axon guidance and branching

In recent years, while much progress has been made on elucidating the molecular

mechanisms mediating axon guidance, a similar characterization on axon branching has
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been absent. Our results indicate that genes required for axon branching are also

involved in axon guidance. Conversely, we observe that genes previously characterized

for their role in axon guidance are also required for axon branching. Interestingly, we

identified a novel function of the UNC-6 guidance cue and its receptor, UNC-40. In

addition to their well-characterized function in axon guidance and cell migration, they are

required for axon branch formation in multiple neurons. Furthermore, we initially

isolated a mutant, bad-1, based on its branching defects, but after a more detailed

analysis, determined that it acts in the unc-6/unc-40 pathway for attractive axon guidance ,---

as well (Chapter 4). … --

Similarly, bad-3 mutants display axon guidance defects in addition to ADL
-

branch-specific defects. Mutations in bad-4 do not cause AVM guidance defects on their

own, but a bad-4; unc-6 double mutant exhibits a significantly enhanced axon guidance º º
defect compared to unc-6 alone, suggesting that bad-4 is a component of the slt-1/sax-3 ---

repulsive guidance pathway. We also discovered surprisingly specific branching defects - º
in the unc-33, unc-44, unc-51, and unc-119 axon guidance genes, and a requirement for º º

the sax-3 and unc-34 guidance genes in promoting general axon branching. These results º
provide strong evidence that common genes and pathways underlie both axon guidance

and branching and suggest that mutations in additional axon guidance genes may also

disrupt axon branching.
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Experimental Procedures

Strains

Animals were maintained using using standard methods (Brenner, 1974). bad-6(ky594),

bad-8(ky575), and bad-9(ky583) were grown at 25°C, and all other strains were grown at

20°C. Strains used in these studies included: LGI, unc-40(e271, e1430, ky568, ky591),

lin-11(ky576), unc-14(e57), unc-73(e.936), bad-2(ky606), bad-3(ky603), bad-6(ky594),

kyIsl 70■ .srh-220::g■ p, lin-15(+)), zdIsj/mec-4::g■ p, lin-15(+)/; LGII, vab-1 (dx?1);

LGIII, unc-119(ky571), ina-1(gms.9), bad-4(ky570, ky596), bad-8(ky575), LGIV, unc ,---

33(ky569, e204), unc-44(ky604, e362), unc-5(e53), vab-2(e.96), bad-7(ky574); LGV, bad- *
º

1(ky580, ky592, ky(02), bad-5(ky605), unc-34(ky590, gm 104), unc-51(ky589, e369), unc-
-

76(e.911), vab-8(e1017); and LGX, unc-6(ev400, ky567, ky577, ky585), sax-3(ky123), slt

1(eh15), mig-2 (muz8, rh 17), bad-9■ ky583). The zdIsj strain was kindly provided by º º.
Scott Clark. Some strains were provided by the Caenorhabditis Genetics Center. ** * * *

Characterization of neuronal morphology º >

ADL axonal morphology was visualized using an Srh-220::g■ p transcriptional fusion, º
constructed by cloning 4 kb of srh-220 upstream sequence in frame into the Sph■ site of

the GFP expression vector pPD95.77 (provided by Andrew Fire). This construct was

injected into lin-15(n?65ts) animals at 150 ng/ul with a lin-15(+) plasmid as a coinjection

marker (Huang et al., 1994), and the transgenic array was integrated into the genome

using psoralen mutagenesis. One integrant, kyIsl 70; lin-15(n'765ts), was outcrossed four

times and used for subsequent analysis. Touch cell neurons were visualized with the

integrated mec-7::g■ p transgene and zdIsj.
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Animals were mounted on 2% agarose pads in M9 buffer containing 5 mM

sodium azide and examined by fluorescence microscopy. Images were captured using a

Biorad MRC-1024 confocal microscope. For some figures, a stack of images was

obtained using confocal microscopy and projected into a single plane for presentation.

ADL axon branching screen

kyIsl 70 animals were mutagenized with EMS (Brenner, 1974). Mutagenized animals

were grown at 25°C to enhance the isolation of temperature-sensitive mutants.

Approximately 1000 genomes were screened by cloning out F2 animals and scoring their

F3 progeny for axon branching defects, and about 5000-10,000 genomes were screened in

the F2 generation. 22 mutants were identified in the F2 clonal screen, and 14 mutants

were identified in the F2 non-clonal screen. Several mutants were backcrossed multiple sº º

times by kyIsl70 and/or N2.

Mapping

All bad mutations were recessive. The ADL axon branching defects in the mutants were ºr-"

mapped with respect to Tcl transposable element polymorphisms in the DP13 and

RW7000 strains (Williams, 1995). Deficiency mapping was conducted to further localize

bad-1 on LGV, bad-2 and bad-3 on LGI, and bad-4 on LGIII (Figure 3). The genomic

locations of bad-1 and bad-4 were refined and confirmed by single nucleotide

polymorphism mapping between the Bristol strain N2 and the Hawaiian strain CB4856.

Complementation testing against previously identified mutations was performed using

canonical alleles.
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Figure 1. ADL axon branching morphologies in wild-type and bad mutants.

(A and B) The srh-220::g■ p transgene labels the ADL neuron. Shown here is a wild-type

adult animal. The ADL cell body extends a dendrite anteriorly and sends a primary axon

laterally into the nerve ring, where it branches into dorsal (arrow) and ventral

(arrowhead) processes.

(C and D) In this wild-type larval (L1) stage animal, the dorsal branch has completely

formed, but the ventral branch (arrow) has just initiated outgrowth.

(E and F) A bad-1(ky592) adult animal lacking the ventral branch. The dorsal branch

(arrow) appears normal. *
º

(G and H) A bad-1(ky592) adult animal with premature ventral branch termination

(arrow). º

(I and J) A bad-1(ky592) adult animal with the primary axon (arrow) misprojecting º
.

ventrally into the nerve ring. - * ~ *

(K and L). A bad-2(ky606) adult animal lacking the dorsal branch. The ventral branch - º
(arrow) appears normal. º

-

Anterior is to the left, dorsal at top in all panels. Scale bars, 5 p.m. ~
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Figure 2. AVM ventral guidance defects in bad single and double mutants.

(A and B) AVM ventral guidance defects in single and double mutants, detected with the

mec-4::g■ p transgene. (A) The percentage of AVM axons with defective ventral

guidance. n = 6-297.

(B) bad-4; unc-6 double mutants exhibit enhanced defects compared to single mutants.

n = 65-367.

Error bars represent the standard error of proportion.
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Figure 3. Genetic map positions of bad-1, bad-2, bad-3, and bad-4 and deficiencies used

for mapping.

(A-C) The map positions of bad-2, bad-3, and bad-4 are approximated by a bar as

determined by deficiency mapping. Deficiencies used for mapping are shown below

each chromosome, and the complementation results provided to the right. A failure of

the deficiency to complement a mutation is indicated by a plus sign. The scale bars

represent map units (mu).

--~~

** *

sº * - *
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Figure 4. bad genes are required at specific times during development to direct ADL

axon branch formation.

In this model for ADL branching, three different sets of genes are required throughout

development to generate the axon branches observed in wild-type animals. (1) The bad

4/sax-3/unc-34 pathway and other bad genes may be used to promote the formation of

both dorsal and ventral branches, while (2) bad-2, bad-5, and other genes are used during

embryonic development to specifically direct dorsal branch formation. (3) During the

larval (L1) stage, the bad-1/unc-6/unc-40 pathway and other genes are required for

ventral branch formation and outgrowth.
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Table 1. Genes required for normal ADL axonal branching morphology
Gene (alleles) Linkage Group Movement

Ventral branching defects!
ventral nerve ring route

bad-1(ky580, ky592, kyô02) V wild-type

unc-6(ky567, ky577, ky585) X severe Unc

unc-40(ky568, ky591) I mild kinker Unc

Ventral branching defects -**

bad-3(ky603) | wild-type .***

bad-9■ ky583) X weak Unc -

unc-51(ky589) V severe Unc

Dorsal branching defects

bad-2(ky606) | wild-type º:
bad-5(ky605) V wild-type sº

lin-11(ky576) | weak Unc º

unc-33(ky569) IV immobile Unc
--

º
unc-44(ky604) IV immobile Unc º s

º

unc-119(ky571) ||| immobile Unc **.
gº"

Multiple branching defects

bad-4(ky570, ky596) III wild-type

bad-6(ky594) | wild-type

bad-7(ky574) IV wild-type

bad-8(ky575) III wild-type

unc-34(ky590) V coiler Unc
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Table 2. Axonal branching defects in bad mutants

Wild-type No Ventral Branch Ventral Route into No Dorsal Branch
Nerve Ring

Wild-type 100% 0% 0% 0% 217

Ventral branching defects/
ventral nerve ring route

bad-1(ky580) 43% 48% 9% 0% 251

bad-1(ky592) 22% 62% 16% 0% 361

bad-1(ky602) 21% 66% 12% 0% 150

unc-6(ky567) 8% 83% 8% 0% 53

unc-6(ky577) 39% 44% 8% 0% 38

unc-6(ky585) 24% 67% 6% 0% 51

unc-40■ ky568) 2% 71% 26% 0% 46

unc-40(ky591) 2% 64% 29% 0% 47

Ventral branching defects
bad-3(ky603) 73% 24% 0% 3% 125

bad-9■ ky583)' 44% 56% 0% 0% 199

bad(ky597) 67% 31% 0% 2% 191

unc-51(ky589) 44% 56% 0% 0% 81

Dorsal branching defects
bad-2(ky606) 67% 6% 5% 21% 127

bad-5(ky605) 59% 3% 5% 34% 214

lin-11(ky576) 70% 5% 4% 22% 83

unc-33(ky569) 80% 0% 0% 20% 46

unc-44(kyô04) 55% 0% 0% 45% 124

unc-119(ky571) 61% 0% 0% 39% 124

Multiple branching defects

bad-4(ky570) 65% 11% 0% 24% 66

bad-4(ky596) 54% 12% 1% 33% 69

bad-6(ky594)' 42% 13% 3% 41% 163

bad-7(ky574) 47% 29% 0% 24% 72

bad-8(ky575)' 63% 19% 0% 19% 225

bad(ky581) 69% 13% 4% 12% 137

unc-34(ky590) 19% 27% 8% 37% 87

Amphid axon phenotypes were characterized using the srh-220::g■ p marker. Schematic drawings show the head
of the animal. Anterior is to the left, dorsal at top. n = number of neurons scored.
"These mutants were temperature sensitive and scored at 25°C.

* * * * *
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Table3.ADLbranchingdefects
inaxonguidancemutantsandcanonicalbadmutantalleles

Wild-typeNoVentralBranchVentralRouteintoNoDorsalBranch
n

NerveRing

Wild-type100%0%0%0%217 Ventralbranchingdefects! ventralnerveringroute unc-6(evé00)11%76%13%0%107
unc-40(e271)
8%68%24%0%97 Ventralbranchingdefects ina-1(gm39)84%16%0%0%124 unc-14(e57)93%7%0%0%440 vab-1(dx31)85%13%2%0%144 vab-2(e.96)94%6%0%0%159 Dorsalbranchingdefects unc-33(e204)78%0%0%22%174 Multiplebranchingdefects sax-3(ky123)60%16%0%19%176

unc-34(gmí04)24%42%5%25%166 unc-73(e.936)26%12%0%60%324 mig-2(rh17)31%16%14%39%119
unc-76(e.911)20%11%0%60%114

Nobranchingdefects unc-5(e53)100%0%0%0%>100 sit-1(eh15)100%0%0%0%>100 mig-2(mu28)100%0%0%0%152 vab-8(e1017)100%0%0%0%60 Amphidaxonphenotypeswerecharacterizedusingthe
srh-220::g■ pmarker.Schematicdrawingsshowthehead oftheanimal.Anterior

istotheleft,dorsalattop.n=
numberof
neuronsscored.
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Table 5. To 1 polymorphic mapping data for other bad mutants
Gene (allele) Linkage Group Map position'

bad-5(kyô05) V between stp23 and stp105

bad-6(ky594) | left of StP124

bad-7(ky574) IV left of stp13

bad-8(ky575) III between stp127 and stp17

'Mapping was performed using the Bergerac strains DP13 and RWT000.

-
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Chapter Four
- -

The tripartite motif family protein BAD-1 mediates Netrin/DCC-dependent ... , -- .
! .

axon attraction and branching in C. elegans * * * *

*** - * * :
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Summary

Neurons innervate multiple targets by sprouting axon collaterals, or branches, from a

primary axon shaft. By examining the branching of the C. elegans ADL sensory neurons,

we identified a role for unc-6/Netrin, unc-40/DCC and the newly discovered gene bad-1

in axon branching. unc-6, unc-40, and bad-1 are required for the formation of a ventral

ADL axon branch, and for the outgrowth of ventral branches from mechanosensory

neurons. bad-1 also cooperates with unc-6 and unc-40 in their attractive functions in

ventral axon guidance, but it does not contribute to unc-6, unc-40, and unc-5-mediated

repulsion; bad-1 is the first gene to act purely in the attractive responses to Netrin.

Within the ADL neuron, both BAD-1 and UNC-40 proteins preferentially localize to the

ventral axon branch. Overexpression of BAD-1 induces Netrin-dependent attraction in

the ALM neurons, which express UNC-40 but are normally insensitive to UNC-6. bad-1

encodes a member of the tripartite motif (TRIM) proteins, a conserved cytoplasmic

protein family whose functions are unknown, but which are implicated in several human

diseases. Our results provide a biological function for BAD-1 as a signaling component

that specifies and promotes Netrin-mediated attraction and branching.

Introduction

Axon guidance and branching are central to the precise wiring of the nervous system.

Axons are guided to their targets through an elaborate actin-based structure at their

leading edge called the growth cone (Bray and Hollenbeck, 1988). Axon branching can

occur by one of several mechanisms: growth cone pausing followed by later branch

formation at the pause site, growth cone splitting and subsequent axon bifurcation, and de

-**

- *

* * * * *
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novo sprouting of interstitial branches far from the growth cone (Bray, 1973; Wessells

and Nuttall, 1978; Bastmeyer and O’Leary, 1996; Szebenyi et al., 1998). The formation

and guidance of axon branches often involves signaling between cells. For example, in

the nematode C. elegans, a branch of the AVM sensory axon is guided to its target by the

axon of another sensory neuron, BDU, and branch formation in the HSN and VC neurons

is stimulated by epithelial cells in their target region (Walthall and Chalfie, 1988; Li and

Chalfie, 1990; Garriga et al., 1993). Axon branches are prominent features of most

mature neurons, but the molecular mechanisms of branch formation and targeting remain

poorly understood (reviewed in Acebes and Ferrús, 2000).

Several conserved families of guidance cues including Neurotrophins, Netrins,

Slits, Semaphorins, and Ephrins can attract or repel axons during development, and some

of these cues have also been implicated in regulating axon branching. For example, the

neurotrophins NT-3 and BDNF promote sprouting of corticospinal axons and

arborization of Xenopus optic tectum axons, respectively, and both also act to attract

growth cones (Schnell et al., 1994; Cohen-Corey and Fraser, 1995; Song et al., 1997).

The repellent Slit2 can promote the branching and elongation of dorsal root ganglion

sensory axons in vitro (Wang et al., 1999). The KAL-1/Anosmin-1 extracellular protein

exhibits both chemoattractive and branch-promoting activities in C. elegans and rodents

(Bülow et al., 2002; Rugarli et al., 2002; Soussi-Yanicostas et al., 2002). The unknown

ligand(s) for the Dscam guidance receptor in Drosophila mediate both axon targeting and

branch formation (Schmucker et al., 2000; Wang et al., 2002). These studies demonstrate

that common guidance cues and receptors can underlie both axon guidance and

branching.

-**

***

º

--- º,º
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Two puzzles are raised by the observation that the same guidance cues can act in

such diverse phenomena as axon outgrowth, attraction, repulsion, and branching. First,

how does a cell determine its response to the guidance cue? In some cases, a particular

receptor such as the Netrin receptor UNC-5 specifies a particular output such as repulsion

(Hamelin et al., 1993; Hong et al., 1999). In other cases, the same guidance receptor,

such as the Netrin receptor UNC-40, can be a signal for attraction or repulsion, or can be

disregarded by the neuron. Second, how does a cell localize its response to one

subcellular location? For example, a cell that sends multiple axon branches in different
-**

directions must respond differently to guidance information in each branch. These two ~ º
puzzles are likely to be resolved by the existence of cofactors that limit guidance

-

activities to specific cells or subcellular locations. However, the nature of these º

presumed specificity factors is unknown. *:

Like the receptor itself, the cytoplasmic effector molecules implicated in axon ** --

behavior are usually shared in multiple modalities. The small Rac GTPases can act in º
axon branching, attraction, repulsion, and outgrowth (Hu et al., 2001; Lundquist et al., º
2001; Hakeda-Suzuki et al., 2002; Ng et al., 2002; Gitai et al., 2003). A Rac GTP º
exchange factor (GEF), UNC-73/Trio, can act in branching, guidance, and outgrowth

(Steven et al., 1998; Luo, 2000). Other cytoplasmic proteins like UNC-119 and UNC-53

also affect both guidance and branching (Hekimi and Kershaw, 1993; Knobel et al., 2001;

Stringham et al., 2002).

Members of the conserved UNC-6/Netrin family of extracellular guidance

proteins attract and repel axons, as well as promote their outgrowth (Ishii et al., 1992;

Kennedy et al., 1994; Serafini et al., 1994; Colamarino and Tessier-Lavigne, 1995;
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Serafini et al., 1996). UNC-6/Netrin acts through the UNC-40/DCC family of receptors

for axon attraction (Chan et al., 1996; Keino-Masu et al., 1996), but expression of UNC

40 is not sufficient for an attractive response to UNC-6. Some UNC-40-expressing axons

are repelled by UNC-6, usually but not always because of the activity of the UNC-5co

receptor (Hamelin et al., 1993; Hong et al., 1999), and other UNC-40-expressing axons

disregard UNC-6 entirely.

Here we report that UNC-6, UNC-40, and the tripartite motif protein BAD-1 act

together in branch formation and attractive axon guidance in vivo. BAD-1 expression in

neurons that express UNC-40, but are normally neither attracted nor repelled by UNC-6,

is sufficient to redirect their axons toward UNC-6. Extra UNC-40-dependent axon

branches are also induced by BAD-1 expression. Thus, BAD-1 acts as an UNC-40

cofactor for attraction and branching. BAD-1 and UNC-40 are enriched in the branches

whose guidance depends on them, suggesting that subcellular localization of guidance

factors sculpts complex axon morphologies. These results provide insight into the

mechanisms used by the multifunctional guidance cue UNC-6 to direct specific decisions

during development.

Results

Mutations in bad-1, unc-6, and unc-40 disrupt axon branching

The ADL neurons are a bilaterally symmetric pair of chemosensory neurons that detect

noxious chemicals. Each ADL neuron has an anterior ciliated dendrite and an axon that

enters the nerve ring laterally, where it branches to form dorsal and ventral processes

(Figure 1A). ADL morphology can be visualized in live animals using an Srh-220::g■ p

- **
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transgene (Figure 1B). Both ADL axon branches are present in adult animals, and appear

to be of approximately equal length. In newly hatched L1 animals, the dorsal process

was visible but the ventral branch was small or absent. These results suggest that the

ventral branch is a collateral that extends during postembryonic development (data not

shown).

Using srh-220::g■ p as a marker for ADL axon morphology, we isolated mutants

with defects in branch formation. This screen yielded eight similar mutations in three

genes that primarily affected ventral branch formation: unc-6/Netrin, unc-40/DCC, and a

novel gene that we named bad-1 for branching of axon defective (Table 1). In these º
mutants, most ADL axons either lacked the ventral branch entirely or possessed a ventral

process that terminated prematurely (Figures 1C and 1D and data not shown). The dorsal º

branch, however, was normal. Previously characterized alleles of unc-6 and unc-40,

including candidate null alleles, exhibited the same ventral branching phenotypes in ADL ---

(Table 1). These results indicate that bad-1, unc-6, and unc-40 have a major role in the -

formation or guidance of the postembryonic ADL ventral branch.

At a lower frequency, mutations in bad-1, unc-6, and unc-40 caused a defect in

the initial guidance of the ADL axon, leading it to enter the nerve ring ventrally instead

of laterally (Figures 1E and 1F, Table 1). These data suggest that bad-1, unc-6, and unc

40 also have a minor role in the embryonic guidance of the primary ADL axon. Small

effects of unc-6 and unc-40 on axon branching have been noted in the context of severe

guidance errors (Hedgecock et al., 1990), but these genes had strong effects on ADL

branching even when initial guidance was normal.
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To determine whether bad-1, unc-6, and unc-40 are required for axon branch

formation in other neurons, we examined the branches of several classes of

mechanosensory neurons. In wild-type animals, the primary axon of PLM forms a

ventrally directed axon branch near the vulva (Figures 1G and 1H). In bad-1, unc-6, and

unc-40 mutants, over half of these branches were either completely missing or shorter

than normal (Figures 1 I and 1.J and data not shown). The AVM axons of wild-type

animals branch in the nerve ring, where they grow dorsally. AVM branching was

defective in bad-1, unc-6, and unc-40 mutants, with about half of the animals displaying -º-º:

either a severely shortened branch or no branch (data not shown). These results indicate ..
that bad-1, unc-6, and unc-40 affect axon branching in the nerve ring and in the body,

even in axons where these genes have little or no effect on primary guidance.

These results define bad-1 as a gene that affects axon branching. They also reveal

a new function of unc-6 and unc-40 in axon branch formation in addition to their well

characterized roles in axon outgrowth and guidance.

bad-I acts in concert with unc-6/Netrin and unc-40/DCC in ventral axon guidance º
unc-6 and unc-40 have major roles in ventrally directed, attractive axon guidance, and in

dorsally directed, repulsive axon guidance. To extend the apparent similarity of bad-1,

unc-6, and unc-40 mutants, bad-1 phenotypes were examined in several classes of

neurons that were known to respond to unc-6 and unc-40 guidance cues. In wild-type

animals, the AVM sensory axon grows ventrally to the ventral nerve cord and then

extends anteriorly (Figures 1 K and 1L). In bad-1 mutants, as in unc-6 and unc-40

mutants, the AVM axon occasionally failed to migrate ventrally and instead grew
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anteriorly in a lateral position (Figures 1M and 1N). Similar defects were observed in the

ventral guidance of the HSN motor neuron in bad-1 mutants, as previously described for

unc-6 and unc-40 mutants (data not shown). By contrast, dorsal guidance of the DA and

DB motor neurons was unaffected in bad-1 mutants (n=50), but highly abnormal in unc-6

and unc-40 mutants (Hedgecock et al., 1990). bad-1 mutants also lacked the

characteristic uncoordinated phenotype of unc-6 and unc-40 mutants that results from

their defects in dorsal motor neuron guidance. These results suggest that bad-1 does not

act in Netrin-mediated repulsion.

The similarity of the bad-1, unc-6, and unc-40 phenotypes suggests that they act º
in the same genetic process. To investigate whether bad-1 acts in the unc-6/unc-40

pathway, we took advantage of the observation that AVM ventral guidance results from

two guidance cues acting in concert: the repellent SLT-1/Slit, which acts through the

SAX-3/Robo receptor to direct axons away from dorsal body wall muscles, and the ----

attractant UNC-6/Netrin, which acts through the UNC-40/DCC receptor to direct them to º
the midline (Figure 2A). Both receptors are expressed in AVM, where they function in s

parallel to direct accurate ventral axon growth (Hedgecock et al., 1990; Chan et al., 1996; º
Zallen et al., 1999; Hao et al., 2001). Inactivation of either Netrin or Slit signaling results

in mild AVM guidance defects, but loss of both pathways results in a profound defect in

ventral guidance.

Because of their parallel functions, double mutants with unc-6 and slt-1 can be

used to assign new guidance genes like bad-1 to either the Netrin or Slit pathway (Yu et

al., 2002; Gitai et al., 2003). Single mutations in bad-1, unc-6, and unc-40 result in a

mild AVM ventral guidance defect (Figure 2B). Double mutant combinations between
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bad-1 and either unc-6 or unc-40 were no more defective than the stronger single mutant,

suggesting that these three genes act in the same pathway for AVM ventral guidance

(Figure 2B). By contrast, a bad-1(ky592); slt-1(eh15) double mutant was severely

defective in ventral axon outgrowth, with all axons extending anteriorly in a lateral

position (Figure 2C). This defect was much greater than bad-1 or slt-1 single mutants

alone, and was even more severe than unc-6(ev400) slt-1(eh15) double mutant animals,

where 8% of AVM axons grew ventrally. These data suggest that bad-1 acts in the unc

6/unc-40 pathway, in parallel to slt-1/sax-3, to direct AVM ventral guidance. The

complete loss of ventral guidance in the bad-1; slt-1 double mutant reveals a profound

role of bad-1 in attraction to the ventral Netrin cue.

bad-1 is not required for UNC-40-dependent axon outgrowth

In AVM ventral guidance, two parallel signaling pathways link UNC-40 to the

cytoskeleton, one including the actin-binding protein UNC-115/Abl/M and the Rac

GTPase CED-10, and one including the Enabled homolog UNC-34 (Figure 3A; Gitai et

al., 2003). Double mutants between bad-1 and either unc-115 or ced-10 showed no

enhancement over bad-1 alone (P-0.8) (Figure 3B). An unc-34(e566) bad-1(ky592)

double mutant showed an enhanced phenotype compared to each single mutant

(P<0.001), but the phenotype was significantly weaker than that of unc-34; unc-6 or unc

40; unc-34 double mutants (Gitai et al., 2003). The weak effects in these double mutants

are surprising when compared to the strong effects of the bad-1; slt-1 double, and they

suggest that bad-1 mutants retain some function in both UNC-115/CED-10 and UNC-34

signaling pathways.

-**

-º

º

81



UNC-40 affects both axon outgrowth and guidance in AVM, and this distinction

provides another framework for understanding bad-1. Both outgrowth and guidance

activities are mediated by the cooperating UNC-115/CED-10 and UNC-34 pathways

(Gitai et al., 2003). The outgrowth function of UNC-40 can be isolated by using a gain

of-function form of the UNC-40 receptor, myristoylated UNC-40 (MYR::UNC-40),

which lacks the extracellular and transmembrane domains and is constitutively activated

(Figure 3A; Gitai et al., 2003). Expression of MYR::UNC-40 under the mec-7 promoter

causes excessive outgrowth phenotypes of additional axons, additional axon branches,

and expanded cell bodies in about 90% of the mechanosensory neurons (Figure 3C; Gitai º
*

et al., 2003). Mutations in unc-34, ced-10, and unc-115 are effective suppressors of the

excessive outgrowth phenotypes (Gitai et al., 2003), but mutations in bad-1 did not

suppress these defects or the residual gain-of-function defects following deletion of either

the P1 or P2 conserved cytoplasmic motifs in UNC-40 (Figure 3C). These results

suggest that bad-1 is not required for the outgrowth-promoting activity of UNC-40. By

contrast, the strong effect of the bad-1; slt-1 double mutant in AVM indicates that bad-1

has a central role in attractive guidance by UNC-40. rº"

bad-I encodes a multi-domain protein similar to mammalian TRIM proteins

bad-1 was mapped to the interval between unc-34 and unc-60 on chromosome V, and the

yeast artificial chromosome (YAC) Y50D4 partially rescued the ADL branching defects

of bad-1(ky592) in germline transformation experiments (Figure 4A and see

Experimental Procedures). Sequencing of candidate open reading frames (ORF) in the
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region revealed mutations in a single gene, C39F7.2, in all bad-1 alleles (Figure 4A). We

conclude that mutations in this ORF are responsible for the bad-1 phenotype.

A clone of the bad-1 genomic region with 4 kb of upstream and 1.3 kb of

downstream DNA sequence failed to rescue the ADL defect in bad-1(ky592) mutant

animals, but was able to rescue when coinjected with an upstream overlapping 14 kb

PCR product (Figure 4B). A similar bad-1 genomic clone with GFP introduced at the 3’

end could also rescue bad-1(ky592) when coinjected with a 15 kb overlapping upstream

PCR product (Figure 4B). These bad-1::g■ p lines restored ADL axon morphology to

nearly wild-type levels (89-90% wild-type ADL axons, n=2 lines).

A full-length cDNA of bad-1 is predicted to encode a protein of 751 amino acids.

BAD-1 has multiple protein-protein interaction motifs, including a RING finger, two B

Boxes, and a coiled-coil domain, which together form a so-called RBCC or tripartite

motif (TRIM); a fibronectin type 3 repeat (FN3); and a C-terminal domain related to

domains in the spl/A kinase and ryanodine receptor (SPRY) (Figure 4C). There are

highly conserved homologs of bad-1 in Drosophila (CG31721) and mammals (Figures

4C and 4D). BAD-1 belongs to a large family of mammalian proteins that contain the

RBCC/TRIM, and there are currently more than 50 TRIM members in humans

(Reymond et al., 2001; Rhodes et al., 2002). BAD-1 shows remarkable homology along

its entire length to one mammalian family member, TRIM9, with over 40% identity in

most motifs (Figures 4C and 4D). Although little is known about the function of TRIM9,

the high degree of conservation between the nematode and mammalian proteins suggests

that they may play similar roles in neural development.

***
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The bad-1 alleles kyj92 and ky602 contained mutations that convert glutamine

(Q) at amino acids 388 and 431, respectively, to amber stop codons, truncating the

predicted protein in the coiled-coil domain (Figure 4C). Because of the early

termination, these two alleles are likely to represent the null phenotype of bad-1, and both

were severely impaired for ADL axon branching (Table 1). The ky580 allele contained a

10 nucleotide deletion in the SPRY domain, creating a frameshift in the coding sequence

(Figure 4C). ADL branching defects in ky580 were not as severe as the two putative null

alleles, suggesting that ky580 represents a weaker bad-1 allele, and that an intact SPRY

domain is required for full BAD-1 activity (Figure 4C and Table 1).

BAD-1 is expressed in the developing nervous system during axon outgrowth

A rescuing bad-1::g■ p transgene exhibited complex and dynamic expression in most

neurons, as well as some hypodermal and muscle cells (Figure 4B). In many neurons,

bad-1::g■ p expression was transient and highly expressed during periods of axon

outgrowth and guidance.

bad-1::g■ p was most widely and strongly expressed in the embryo, particularly

during the initial period of axon outgrowth at 350-400 minutes of development (comma

stage; Figure 5A, lower embryo). At the comma stage, bad-1::g■ p was expressed at high

levels in the anterior embryo, including the developing neurons of the nerve ring. The

reporter gene was also expressed robustly in ventral and posterior regions of the embryo,

including the developing motor neurons of the ventral nerve cord, posterior neurons, and

hypodermal cells. In most cells, BAD-1::GFP protein was observed in speckles

throughout the cytoplasm. At -430 minutes of development (1.5-fold stage), the bad

-
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1::g■ p transgene exhibited a more restricted pattern of expression in the anterior, ventral,

and posterior regions of the embryo (Figure 5A, upper embryo). The extinction of

reporter gene expression in many neurons at this stage coincides with the period in

development when axons in the nerve ring and ventral cord have reached their targets.

At the first larval stage, continued high expression of the bad-1::g■ p transgene

was observed in some head neurons that sent axons into the nerve ring (Figure 5B,

arrow). bad-1::g■ p was expressed in the muscles that extend from the nerve ring to the

anterior tip of the head (Figure 5B, arrowhead). Expression was also observed in the

ventral motor neurons, neurons in the tail, and hypodermal cells. As the animals

developed from larvae into adults, bad-1::g■ p expression levels appeared to decrease

substantially, especially in neurons located in the head and tail. However, despite this

general reduction in expression during larval development, bad-1::g■ p expression was

detected in the HSN motor neurons around the third larval stage, during the period of its

ventral axon outgrowth (Figure 5C, arrow). Although these results should be interpreted

with caution, like any reporter gene fusion, they suggest that BAD-1 could be present in

many Netrin-responsive neurons at the time of axon guidance.

BAD-1 acts cell autonomously to direct axon guidance and branching

To determine where bad-1 functions to direct axon guidance and branching, we

expressed a bad-1 cDNA in specific neurons and tested for rescue of bad-1(ky592)

defects. BAD-1::GFP expressed under the ADL-specific srh-220 promoter rescued ADL

branching defects in bad-1(ky592); srh-220::g■ p animals (85% wild-type ADL axons,

n=1 line; Figure 4B). This result indicates that BAD-1 can function cell autonomously in

* /
-
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the ADL neuron to direct ventral branching. BAD-1 expressed in the touch cells under

the mec-7 promoter completely rescued the AVM ventral guidance defects of bad

1(ky592) animals in 2 out of 3 transgenic lines (Figure 6A). Thus, BAD-1 functions cell

autonomously in the AVM neuron to direct its ventral guidance.

BAD-1 and UNC-40 preferentially localize to the ventral branch of the ADL axon

A rescuing srh-220::bad-1::g■ p transgene expressed BAD-1 protein in a striking

subcellular pattern. When GFP alone was expressed under the srh-220 promoter, it

uniformly labeled both the dorsal and ventral branches of the ADL axon (Figures 5D and

5G; see also Figure 1B). Remarkably, however, BAD-1::GFP expressed in ADL

preferentially localized to the ventral branch in both larvae and adults (Figures 5E and

5F, arrow). A speckled pattern of BAD-1::GFP decorated the entire ventral branch in all

developmental stages examined. The ventral branch consistently contained 4-5 fold

greater fluorescence intensity than the dorsal branch of the same neuron, indicating an

enrichment of BAD-1::GFP protein in the ventral process (Figure 5G, P-0.005 compared

to GFP alone). BAD-1::GFP expression was also relatively low in the dendrite and

primary axon of ADL, but present at high levels in the cell body.

A similar striking polarity of UNC-40::GFP localization was observed in animals

expressing an Srh-220::unc-40::g■ p transgene. UNC-40::GFP was highly enriched in the

ventral branch of the ADL neuron (Figure 5H, arrow) throughout development. UNC

40::GFP exhibited a more uniform appearance along the entire ventral branch than BAD

1::GFP, without obvious speckles (Figures 5F and 5H, arrow). UNC-40::GFP protein

was also detected in the dendrite and primary axon of ADL, with high levels in the cell

I
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body. These results suggest that BAD-1 and UNC-40 act locally in the ventral branch to

direct branch formation.

BAD-1 overexpression causes ventral axon outgrowth and ectopic branching of the

ALM sensory neuron

The ALM neuron expresses UNC-40/DCC (Chan et al., 1996) but is normally neither

attracted nor repelled by UNC-6/Netrin; it migrates anteriorly towards the nerve ring in a

lateral position that is unchanged in unc-40 and unc-6 mutants (Figures 6B and 6C). To

further explore BAD-1 function in the Netrin pathway, we overexpressed BAD-1 in the

touch cells, including ALM, using the mec-7 promoter. Remarkably, overexpression of

BAD-1 caused the ALM axon to be redirected towards the ventral UNC-6/Netrin cue

(Figures 6D and 6E). In rare cases, the ALM axon grew ventrally from its cell body like

the normal AVM axon (data not shown). More commonly, the ALM axon turned

ventrally at a point partway through its trajectory. In addition, the ALM cell body was

sometimes located in a more ventral position, like the normal AVM cell body (Figures 6F

and 6G).

BAD-1 overexpression also induced ectopic branching by ALM, demonstrating

that it is capable of promoting branching in vivo (Figures 6H and 6I). The effects of

BAD-1 overexpression were almost completely suppressed in unc-40/DCC mutants,

indicating that both the abnormal ventral guidance and branching mediated by BAD-1 are

generated by the UNC-40 receptor (Figure 6J). Taken together, these results indicate that

BAD-1 is an activator of UNC-40 signaling during axon attraction and branching. It is

required for efficient attraction and especially for efficient branching in normal cellular

* *
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contexts, and it promotes UNC-40-dependent branching and attraction in ectopic contexts

such as ALM.

BAD-1 activates UNC-40-dependent signaling

bad-1 overexpression is suppressed by unc-40 mutations, suggesting that bad-1 activates

UNC-40 signaling. One possible mechanism for enhanced UNC-40 signaling would be

increased expression of the UNC-6 ligand, but this model is inconsistent with the cell

autonomous function of BAD-1 (Figures 4B and 6A). Another possibility is that bad-1

activates unc-40 gene expression. To test this hypothesis, we crossed the srh-220::unc

40::g■ p transgene, in which the tagged UNC-40 protein is expressed under a heterologous

promoter, into the bad-1(ky592) mutant. The transgene failed to rescue the ADL defect

in bad-1 mutants, although it was expressed in ADL (n=15). Thus, bad-1 has a defect

downstream of unc-40 expression. Other possible BAD-1 functions include translational

activation of unc-40 mRNA or stabilization of UNC-40 protein. These possibilities were

tested by examining UNC-40::GFP protein in ADL in the srh-220::unc-40::g■ p

transgenic strains. In bad-1 mutants, UNC-40::GFP was present at levels approximately

equal to those observed in a bad-1 (+) background, and was excluded from the dorsal

branch as it was in the wild-type background, yet the ADL branching phenotype was not

rescued. These results indicate that bad-1 activates UNC-40 without causing large

changes in its expression levels or localization.

Could BAD-1 and UNC-40 interact directly? In vitro translated BAD-1

associated with a bacterially expressed GST-UNC-40 cytoplasmic domain fusion protein,

but not with GST alone or a GST-SAX-3 cytoplasmic domain fusion protein (Figure 6K).

--- -*
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Since BAD-1 and UNC-40 proteins were able to interact in a specific manner, the

observed genetic interactions could possibly be mediated by direct interactions between

BAD-1 and UNC-40 proteins.

Discussion

Netrins and their UNC-40/DCC receptors have important functions in axon guidance,

axon outgrowth, cell migration, and cell adhesion. UNC-6/Netrin and its receptors UNC

40 and UNC-5 were first identified through C. elegans genetics, and subsequently

demonstrated to have a conserved role throughout evolution. The attractive role of

Netrins is unique among the major guidance families, since Slits, Semaphorins, and

Ephrins are predominantly involved in repulsion. BAD-1 is the first new molecule

identified since Netrin and its receptors that appears to have a dedicated role in attractive

Netrin signaling.

Axon branching and branch-specificity

bad-1 was identified in a screen for axon branching mutants that also yielded mutations

in unc-6/Netrin and its receptor unc-40/DCC. The strong branching phenotypes of ADL,

AVM, and PLM in these mutants indicate that some neurons use unc-6 signaling as a

major determinant of branching. Neurons can exhibit major defects in branching in unc-6

mutants even when their primary guidance is mostly (ADL) or entirely (PLM)

independent of UNC-6 activity. unc-6 had not been recognized as a major factor in axon

branching, but unc-6 mutants have minor branching defects in many neurons in addition

to their severe guidance defects (Hedgecock et al., 1990). By analogy with our results,

l
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some of these branching defects could be primary unc-6 defects, rather than indirect

effects of guidance errors. Further evidence that UNC-6 can promote branching is

provided by the observation that a carboxyl-terminally deleted UNC-6 protein causes

aberrant motor neuron branching (Lim et al., 1999; Wang et al., 2002). Unlike the

branching described here, the deleted UNC-6 branching requires the repulsive receptor

UNC-5 as well as genes like God, involved in neuronal activity. Therefore, it is unclear

whether the branch-promoting activity of the deleted UNC-6 protein is the same as that

provided in normal ADL, AVM, and PLM development.
**

The ventral branch but not the dorsal branch of the ADL neuron is strongly .”
affected by bad-1, unc-6, and unc-40. The striking exclusion of both BAD-1 and UNC

40 from the dorsal branch of ADL provides a cell-biological correlate of their functional :

branch-specificity. Neither BAD-1 nor UNC-40 is required for the ventral localization of .
the other protein, suggesting that both respond to a common signal that defines the dorsal *-*.

and ventral axon branches as distinct compartments for protein delivery or retention. To º
our knowledge, this is the first example of stable branch-specific protein localization in s
axons. However, it is an example of a wider strategy for guidance that involves the º
regulation of receptor availability. UNC-5, Robo, and Eph receptor proteins are not

believed to have specific localization signals, but they are all regulated using a temporal

strategy, and in each case a temporal delay in receptor expression results in the first

appearance of the receptor at a particular part of the trajectory. It is interesting that these

four examples of receptor regulation appear to utilize four different molecular strategies:

gene expression for unc-5, post-translational sorting and degradation for Robo, delayed

translation for Eph, and branch-specific localization for UNC-40 and BAD-1.

--- -

90



Ventral guidance

Like unc-6 and unc-40, bad-1 affects the trajectories of several axons that grow ventrally,

including AVM and HSN. AVM has been extremely valuable for dissecting roles of

different guidance molecules, because the normal pathways that affect this cell are well

understood, and existing mutations affect discrete steps of its development. Specific

genetic backgrounds can distinguish the effects of attraction versus repulsion, Netrin

versus Slit, different cytoskeletal regulators, and guidance versus outgrowth, all within a

single neuron.
**

In AVM, ventral guidance is specified by the cooperative interactions of a ventral º
attractant, UNC-6, and a dorsal repellent, SLT-1. The AVM axon in an unc-6 slt-1 º

double mutant almost never grows ventrally, a defect that is presumed to result from a

loss of all instructive dorsal and ventral guidance. Similarly, a bad-1; slt-1 double mutant .
loses all AVM ventral guidance, indicating that the bad-1 mutation eliminates any useful ---

attractive information from UNC-6. º
The strong effects of bad-1 in slt-1 doubles stand in sharp contrast to its extremely s

weak effects in other genetic contexts. bad-1 has only weak effects in double mutants º
with cytoskeletal regulators like CED-10/Rac and UNC-34/Enabled. These molecules

affect both guidance and outgrowth, and are largely redundant for these activities; indeed,

single mutants for either have very little effect on ventral guidance. The weak genetic

effects failed to implicate bad-1 in specific cytoskeletal regulatory pathways, despite its

major role in AVM guidance. Moreover, BAD-1 has no effect on an activated

MYR::UNC-40 protein that promotes axon outgrowth in AVM, whereas cytoskeletal

regulatory pathways have strong, specific effects in these assays (Gitai et al., 2003). We
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suggest that the pattern of strong and weak effects are best explained by a model in which

BAD-1 is specifically required for the guidance function of UNC-40 in AVM (Figure

7A). In the normal context, ventral guidance information is provided by both SLT-1 and

UNC-6 acting on their receptors, and axon outgrowth is stimulated by UNC-6 acting on

the cytoskeleton through UNC-40.

Guidance, unlike outgrowth, has a specific requirement for localized receptor

activation, with the strongest activation at a site nearest to the highest level of Netrin.

Like any gradient-sensing system, guidance can be disrupted either by low levels of

receptor activation or by a loss of receptor regulation. Outgrowth is a conserved function

of Netrins; vertebrate Netrins promote axon outgrowth in addition to guidance, and

Netrin-1 and DCC knockout mice have defects in both processes (Serafini et al., 1994,

1996; Fazeli et al., 1997). Outgrowth could be strongly affected by the absolute level of

receptor activation, but it does not require localized activity. In principle, BAD-1 could

regulate guidance specifically by activating the UNC-40 receptor at the site of highest

Netrin expression, or by inactivating UNC-40 at the lowest site. The co-localization of

BAD-1 and UNC-40 in the same branch of ADL and the gain-of-function phenotypes of

BAD-1 in ALM are most consistent with a model in which BAD-1 activates UNC-40

during attractive axon guidance and branching (Figure 7B).

Activation of UNC-40 signaling

BAD-1 acts in attraction to UNC-6 mediated by UNC-40, but not in repulsion from

UNC-6 mediated by UNC-40 and UNC-5. In many respects, the effects of bad-1 on

Netrin signaling are reciprocal and complementary to the effects of unc-5. First, they

**
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each affect a specific subset of the phenotypes shared by unc-6 and unc-40 mutants, with

unc-5 affecting repulsion and bad-1 affecting attraction and branching. Second, they are

each sufficient to alter the trajectory of the ALM neuron, which is normally refractory to

the ventral UNC-6 cue. Overexpression of UNC-5 in ALM leads to dorsal guidance of

the ALM axon, whereas overexpression of BAD-1 leads to ventral axon guidance and

branching. In both cases, endogenous unc-6 and unc-40 are required for the effects.

Thus, unc-5 and bad-1 can each act as specificity factors that define the Netrin responses

of an UNC-40-expressing recipient cell: unc-5 specifies repulsion, whereas bad-1

specifies attraction and branching.

One significant difference between UNC-5 and BAD-1 is that UNC-5 is a

transmembrane receptor that binds Netrin, whereas BAD-1 is a cytoplasmic protein.

However, a truncated version of UNC-5 that cannot bind Netrin is still able to convert

Netrin attraction to repulsion. Therefore, the attraction-versus-repulsion specificity can

be defined based on an intracellular interaction of UNC-5 and UNC-40 that could be

similar to an intracellular interaction of UNC-40 and BAD-1.

The loss-of-function experiments in ADL and AVM and the gain-of-function

experiment in ALM each indicate that BAD-1 activates UNC-40 signaling in attraction

and branching. The normal lateral trajectory of ALM is not affected by loss-of-function

mutations in unc-6, unc-40, or bad-1. Both molecular and genetic results indicate that

unc-40 is expressed but nonfunctional in ALM, and our results suggest that this inactivity

could be due to insufficient bad-1 expression. In one model, UNC-40 without BAD-1

could not provide guidance activity, but only outgrowth activity, to ALM. In a more

general model, UNC-40 may be less active when BAD-1 is absent, and therefore
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incapable of overriding inhibitory signals or competing information from longitudinal

guidance systems.

The TRIM protein family and development

BAD-1 is a member of the RING-B-box-coiled coil (RBCC) subfamily of RING finger

proteins, also known as the tripartite motif (TRIM) proteins, which contain an amino

terminal RING finger domain, one or two B-box motifs, and a coiled-coil region (Borden,

1998). The RING finger is a cysteine/histidine-rich zinc-binding domain found in

proteins with roles in signal transduction, transcription, ubiquitination, differentiation,

and morphogenesis (Saurin et al., 1996; Borden, 1998; Freemont, 2000; Slack et al.,

2000). B-box motifs are also zinc-binding domains, and are only found within this

protein family (Reymond et al., 2001). The coiled-coil domain can mediate homo

multimerization of TRIM proteins, and its disruption results in their mislocalization in the

cell (Cao et al., 1997; Reymond et al., 2001). The tripartite organization of these motifs

is evolutionary conserved, suggesting an integrated structure that has a functional role in

organisms from C. elegans to humans (Slack and Ruvkun, 1998). Humans have at least

50 RBCC proteins, of which most have unknown functions.

In addition to the RBCC/TRIM domain, BAD-1 bears a fibronectin type 3 domain

and a SPRY domain. This overall structure is shared with several members of the

RBCC/TRIM family, including TRIM9 and TRIM18 (Figures 4C and 4D). Mouse

TRIM9 is expressed mainly in the central nervous system during embryogenesis, with

robust expression in the developing neocortex, dorsal thalamus, midbrain, and spinal cord

(Berti et al., 2002), and it is enriched at presynaptic nerve terminals of mature neurons (Li
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et al., 2001). TRIM9 is expressed throughout the mouse spinal cord, including

commissural neurons, at embryonic stage E11 when DCC-expressing commissural axons

are migrating to the midline (J.C.H., F. Wang, C.I.B., and M.T.L., unpublished data).

TRIM9 is also highly expressed in developing dorsal root and trigeminal sensory ganglia

(J.C.H., F. Wang, C.I.B., and M.T.L., unpublished data). The expression of TRIM9

suggests that it could also be involved in mammalian axonal development.

Netrin is prominently expressed at the ventral midline of the nervous system. In

humans, mutations in the RBCC protein TRIM18, also known as Midl, cause the

congenital disorder Opitz G/BBB syndrome (OS), which primarily affects structures at

the ventral midline (Quaderi et al., 1997). Mental retardation associated with dysplasia of

the corpus callosum, hypertelorism (excessive distance between any paired organs), cleft

lip and palate, and developmental delay are all prominent manifestations of the

syndrome. TRIM18 is expressed in the central nervous system during development

(Reymond et al., 2001). Based on our results, it will be interesting to see whether

TRIM18 regulates vertebrate DCC signaling.

Like most RBCC/TRIM proteins, the biochemical functions of TRIM9 and

TRIM18 are unclear. TRIM18 interacts with microtubules and can decrease their

depolymerization (Schweiger et al., 1999; Reymond et al., 2001). The TRIM18

mutations found in individuals with OS disrupt the FN3 and SPRY domains, which are

shared with BAD-1, and diminish the ability of TRIM18 to interact with microtubules

(Schweiger et al., 1999). TRIM18 also exhibits a ubiquitin ligase activity that targets

protein phosphatase 2A for degradation (Trockenbacher et al., 2001). The relationships

between microtubules, phosphatases, and UNC-40/DCC are unknown, but
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phosphorylation is known to regulate many guidance events (Kao et al., 2002) and

microtubule capture by a specific filopodium is an early event in growth cone turning

(reviewed in Dickson, 2002).

BAD-1 is required for UNC-40 function in ADL after UNC-40 is transcribed,

translated, and delivered to the ventral ADL process. Some members of the RBCC/TRIM

family of proteins are thought to act as scaffolds for the formation of protein complexes

in signal transduction (Borden, 2000), and one appealing model for BAD-1 function is

that it assembles a complex for attraction and branching. Another possibility is that

BAD-1 affects local delivery of UNC-40 to the cell surface or internalization and

recycling of the receptor. RING fingers are prominently implicated in ubiquitination,

which regulates vesicle trafficking as well as protein degradation. Another possibility is

raised by analogy to the RING-finger containing seven in absentia homologs (Siahs),

which target vertebrate UNC-40/DCC for degradation (Hu et al., 1997). Although

degradation would appear to be a negative regulator of UNC-40 signaling, and therefore

inconsistent with activation of UNC-40, cycling and degradation of guidance receptors

contributes to gradient-sensing by cultured neurons (Campbell and Holt, 2001; Ming et

al., 2002; Campbell and Holt, 2003) and could be important in vivo as well. Finally,

BAD-1 could function by degrading an inhibitor of the UNC-40 pathway. Future studies

on BAD-1 and its mammalian counterparts will determine how TRIM proteins promote

growth cone turning, axon branching, and nervous system development.

**
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Experimental Procedures

Strains

Wild-type animals were C. elegans variety Bristol, strain N2. Worms were grown at

20°C and maintained using standard methods (Brenner, 1974). Strains used in these

studies included: LGI, unc-40(e271, e1430, ky568, ky591), kyIsl 70■ srh-220::g■ p, lin

15(+)], zdisj/mec-4::g■ p, lin-15(+)/; LGIV, ced-10(n1993), unc-5(e53), zdIs4/mec

4::g■ p, lin-15(+)/; LGV, bad-1(ky580 ky592, kyô02), unc-34(gm!04), unc-34(e566) unc

60(eó77) dpy-11(e.224); and LGX, unc-6(ev400, ky567, ky577, ky585), sax-3(ky123), slt

1(eh15), unc-115(ky275). Transgenes maintained as extrachromosomal arrays included:

kyEx456/mec-7::myr::unc-40, str-1::gfp/, kyEx637/mec-7::myr::unc-40(AP2), odr

1::rfp/, and kyEx639/mec-7::myr: unc-40(AP1), odr-1::rfp). The zds:4 and zdlsj strains

were kindly provided by Scott Clark. Some strains were provided by the Caenorhabditis

Genetics Center.

Characterization of Neuronal Morphology

ADL axonal morphology was visualized using an Srh-220::g■ p transcriptional fusion,

constructed by cloning 4 kb of srh-220 upstream sequence in frame into the Sphl site of

the GFP expression vector pPD95.77 (generously provided by Andrew Fire). This fusion

gene was injected into lin-15(n?65ts) animals at 150 ng/ul with a lin-15(+) plasmid at 50

ng/pul as a coinjection marker (Huang et al., 1994). The transgenic array was integrated

into the genome using psoralen mutagenesis. One integrant, kyIs 170; lin-15(n?65ts), was

outcrossed four times and used for subsequent analysis. Touch cell neurons were

visualized with the integrated mec-7::g■ p transgenes zdIs4 and zdIsj. ºº*/
g- º
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Animals were mounted on 2% agarose pads in M9 buffer containing 5 mM

sodium azide and examined by fluorescence microscopy. Images were captured using

either a Biorad MRC-1024 confocal microscope or a SPOT camera (RT Slider Diagnostic

Instruments, Inc.). For some figures, a stack of images was obtained using confocal

microscopy and projected into a single plane for presentation.

bad-I Mapping

bad-1 mutant alleles were isolated by direct observation of the ADL axon following EMS

mutagenesis (Brenner, 1974). The ADL axon branching defect of bad-1(ky592) was

mapped with respect to Tcl transposable element polymorphisms in the DP13 strain

(Williams, 1995), localizing bad-1 to LGV to the left of the stP3 polymorphism.

Deficiency mapping was conducted to further localize bad-1 on LGV. Both sEf75 and

sDf32 failed to complement bad-1(ky592), indicating that the bad-1 gene was located in

the region of overlap between these two deficiencies (see Figure 4A), between unc-34

and unc-60. Single nucleotide polymorphism mapping between the Bristol strain N2 and

the Hawaiian strain CB4856 placed bad-1 between the polymorphism at nucleotide

12186 in cosmid H24K24 (1/210 recombinants) and the polymorphism at nucleotide

9471 in cosmid R12A1 (3/210 recombinants).

To obtain greater resolution from the deficiency mapping data, we determined the

physical breakpoints in sEf75 and sDf32. Sequences close to the predicted breakpoint

were amplified by PCR from dead embryos presumably homozygous for the deficiency.

This approach placed bad-1 in a ~200 kb interval to the right of nucleotide 1420 in

cosmid C02E11 and to the left of nucleotide 40560 in cosmid C39F7.

>
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Germline Transformation

Transgenic strains were created as previously described (Mello and Fire, 1995). Multiple

transgenic lines from each injection were characterized for rescue of the ADL axon

branching phenotype in bad-1(ky592) mutant animals. Partial rescue was obtained by the

injection of yeast genomic DNA containing the yeast artificial chromosome (YAC)

Y50D4 at both 100 ng/pul and 200 ng/pul concentrations; in 3/34 lines, ADL branching in

bad-1(ky592) mutants was restored to ~65-75% wild-type (n=263-1384). A C39F7.2

minigene amplified from Y50D4, which contained 4 kb upstream sequence, the entire

C39F7.2 open reading frame, and 1.3 kb of 3’ UTR, rescued bad-1(ky592) when

coinjected with a PCR product consisting of 14 kb upstream overlapping sequence in

1/38 lines (n=86). Injection of the minigene alone did not rescue bad-1(ky592)

phenotypes.

cDNA Isolation and Allele Sequencing

A partial cDNA yk247■ ) corresponding to the predicted ORF C39F7.2 was obtained

from Yuji Kohara. The 5’ end of the bad-1 coding region was identified by RT-PCR

from wild-type RNA using primers for the splice leader SL1 and within the yk247f.)

cDNA. A full-length bad-1 cDNA was isolated by combining the yk247f8 partial cDNA

and the 5’ RT-PCR templates in an extended PCR reaction with primers designed against

the most external sequences. This 2.3 kb product was subcloned into the Xbal and

BamhI sites of pBluescript SK- (Stratagene, La Jolla, CA). The bad-1 sequence was

confirmed and its genomic organization determined by aligning the cDNA with the

reported genomic sequence from the C. elegans Genome Sequencing Consortium. To

º
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identify the mutations in the three bad-1 alleles, the open reading frame and splice

junctions of the mutant alleles were PCR amplified from two separate reactions using

genomic DNA preparations of the mutant strains. The PCR products were pooled and

sequenced on both strands to identify and verify the mutation.

bad-1 Expression Analysis

A translational bad-1::g■ p fusion was constructed by cloning a PCR fragment containing

the entire bad-1 genomic sequence without the initiator methionine in frame into the
º

**Xmal site of the GFP expression vector ppD95.77. A PCR fragment containing over 700

nucleotides of overlapping bad-1 genomic sequence, including the start codon as well as

over 14 kb of upstream sequence, was amplified from the YAC Y75B7. Both the bad

1::g■ p genomic fusion gene and the overlapping PCR product were injected into N2

animals at 5, 30, and 100 ng/ul along with odr-1::rfp at 50 ng/pul as a coinjection marker.
º

Because the bad-1::g■ p genomic fusion gene lacked the start methionine, recombination

ºwith the upstream PCR fragment was necessary for bad-1::g■ p expression. When both

}pieces of DNA were injected at either 30 or 100 ng/pil, recombinant embryos expressing

bad-1::g■ p did not hatch. Viable transgenic progeny were obtained following injection of

bad-1::g■ p at 5 ng/ul. The bad-1 expression pattern was assessed in variably mosaic

animals that contained the transgene as unstable extrachromosomal DNA. Rescue

experiments with the bad-1::g■ p transgene were conducted in a bad-1(ky592);

kyIsl 70■ srh-220::gfp/ mutant background.
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Overexpression and Localization Experiments

For BAD-1 overexpression studies using the mec-7 promoter, the bad-1 cDNA was PCR

amplified and cloned into the Agel and Nhel sites of pPD96.41. This mec-7::bad-1

fusion gene was then injected into zdIsj animals at 20 ng/pul with odr-1::rfp at 50 ng/pul as

a coinjection marker. Multiple lines were scored for rescue of AVM ventral guidance

and for the effects of BAD-1 overexpression on ALM neuronal morphology.

The bad-1 cDNA was PCR amplified and cloned into the BamhI site of the srh

220::g■ p plasmid, upstream of GFP, to specifically express a BAD-1::GFP fusion protein

in the ADL neuron. The srh-220::bad-1::g■ p fusion gene was injected into N2 animals at

150 ng/pul along with a plasmid expressing GFP in coelomocytes as a coinjection marker.

To express UNC-40 in the ADL neuron, the unc-40 cDNA was PCR amplified and

cloned into the Sall site of the srh-220::g■ p plasmid, upstream of GFP, creating an UNC

40 protein with GFP fused to the carboxyl-terminal cytoplasmic domain. The srh

220:: unc-40::g■ p construct was injected into N2 animals at 150 ng/ul along with a

plasmid expressing GFP in coelomocytes as a coinjection marker.

Quantitation of BAD-1 and UNC-40 Enrichment in Axon Branches

Fluorescence intensity of BAD-1::GFP or UNC-40::GFP was measured on the ADL

dorsal and ventral branches using the NIH Image software. An area adjacent to either

branch was used to determine background fluorescence and subtracted from the

fluorescence intensity value for the respective branch. After subtraction of background

levels, dividing the fluorescence intensity of the ventral branch by the fluorescence

intensity of the dorsal branch generated a ratio for protein enrichment in the ADL ventral

º
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branch. For comparison purposes, an identical ratio was determined for ADL neurons

expressing GFP alone. In each case, multiple neurons were examined and the mean and

standard error of the mean were calculated. Paired t-test analyses were performed

between ratios determined for GFP only and either BAD-1::GFP or UNC-40::GFP to

assess the significance of the enrichment in the ventral branch.

Generation of Proteins for Binding Analysis

The bad-1 cDNA was cloned into pCDNA3 under the control of the SP6 promoter to
º

generate a 35|S]-methionine-labeled probe by in vitro transcription/translation (TNT SP6 45

Quick Coupled Transcription/Translation Kit, Promega, Madison, WI). GST-fusion

proteins were prepared as previously described (Yu et al., 2002). For binding assays, 2

pug of GST-fusion protein was mixed with 10 pil of 35|S]-methionine-labeled BAD-1

probe in 10mM Tris pH 7.5, 150mM NaCl, 0.1% Triton X-100, and 0.05% BSA.

Samples were incubated for 3 hours at 4°C and then washed four times in the same

.buffer, omitting BSA in the last wash. Bound proteins were separated by SDS-PAGE,

}dried down under vacuum, and exposed to film.
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Figure 1. Axon branching and guidance are disrupted in bad-1 mutants.

(A and B) The ADL cell body projects a primary axon laterally into the nerve ring, where

it branches into both a dorsal (arrow) and a ventral (arrowhead) process, illustrated

schematically or visualized by the srh-220::g■ p transgene in wild-type animals.

(C and D) In a bad-1(ky592) mutant animal, ventral branch formation is disrupted, while

dorsal branch formation is unaffected (arrow).

(E and F) In a bad-1(ky592) mutant, the lateral guidance of the ADL primary axon

(arrow) into the nerve ring is defective.

(G and H) The PLM neuron extends a primary axon anteriorly and projects a ventrally

directed axon branch (arrow) near the vulva, illustrated schematically or visualized by a

mec-4::g■ p transgene in wild-type animals.

(I and J) A bad-1(ky592) mutant exhibits defects in PLM ventral branch formation

(arrow).

(K and L) The AVM axon projects ventrally (arrow) to the midline and then extends

anteriorly, shown schematically or labeled by a mec-4::g■ p transgene.

(M and N) In a bad-1(ky592) mutant animal, the AVM axon grows anteriorly (arrow) in a

lateral position instead of ventrally.

Anterior is to the left, dorsal at the top in all panels. Scale bars equal 5 pum.
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Figure 2. bad-1 acts in the unc-6/unc-40 pathway for AVM ventral guidance.

(A) Organization of the guidance pathways important for AVM ventral guidance. The

expression of both SAX-3/Robo and UNC-40/DCC receptors in AVM (green) allows its

axon to extend toward the ventral UNC-6/Netrin attractive cue (blue) made by neurons

and away from the dorsal SLT-1 repulsive cue made by muscles (red). Ventral muscles

are shown in gray.

(B and C) AVM ventral guidance defects in single and double mutants, scored using a

mec-4::g■ p transgene. (B) bad-1; unc-6 and unc-40; bad-1 double mutants exhibit no

enhancement in AVM defects compared to single mutants. n = 73–297. (C) bad-1; slt-1

double mutants exhibit enhanced defects compared to single mutants. n = 45-367. Error

bars represent the standard error of proportion.
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Figure 3. Genetic interactions between bad-1 and UNC-40 signaling components.

(A) Schematic of UNC-40 and its signaling pathways. The conserved cytoplasmic Pl

and P2 motifs mediate distinct downstream pathways: UNC-34 in one pathway, and

CED-10 and UNC-115 in the other. MYR::UNC-40 consists of the UNC-40 cytoplasmic

domain fused to a membrane-targeting myristoylation signal (black circle).

(B) AVM ventral guidance defects in bad-1, unc-115, ced-10, and unc-34 single and

double mutants. n = 68–297. The asterisk indicates a significant enhancement of ventral

guidance defects in unc-34(e566) bad-1(ky592) double mutants compared to single

mutants (Ps().001). Error bars represent the standard error of proportion.

(C) Mutations in bad-1 do not suppress the outgrowth phenotypes associated with

MYR::UNC-40 expression. The percentage of excess AVM outgrowth, labeled by a

mec-4::g■ p transgene, was determined for animals carrying the MYR::UNC-40,

MYR::UNC-40 AP1, or MYR::UNC-40 AP2 transgene alone or as a double mutant with

Æad-1(ky592). n = 58-153. Error bars represent the standard error of proportion.
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Figure 4. Molecular analysis of bad-1.

(A) Genetic map position of bad-1, deficiencies used for mapping, and clones used for

rescue experiments, showing the genomic organization of the bad-1 coding region with

sites of mutations. Exons are indicated by black boxes, and the 5’ SL1 trans-splice

leader sequence by an open box.

(B) bad-1 genomic and cDNA clones generated for rescue experiments and GFP

expression studies.

(C) Predicted protein domains in BAD-1. The percent identities between BAD-1 and

either CG31721 or mouse TRIM9 are shown for each domain. The sites of bad-1

mutations are also indicated.

(D) Amino acid sequence alignment for BAD-1, CG31721, and mouse TRIM9. The bars

highlight the conserved domains and correspond to colors used for the domains shown in

(C).
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Figure 5. bad-1::g■ p expression pattern and preferential localization of BAD-1 and

UNC-40 to the ADL ventral branch.

(A) Comma stage (lower) and 1.5-fold stage (upper) embryos. The anterior cells that

express bad-1::g■ p include the developing neurons of the nerve ring. Expression is also

detected in the ventral and posterior embryo, including motor neurons and hypodermal

cells.

(B) L1 stage larva. Expression is high in head neurons that project into the nerve ring

(arrow). Muscles of the head also express the transgene (arrowhead).

(C) L3 stage larva. The HSN motor neuron expresses the bad-1::g■ p transgene (arrow).

(D) Ansrh-220::g■ p transgene uniformly labels both dorsal (black arrowhead) and

ventral (arrow) branches of the ADL neuron.

(E and F) In both larval and adult animals, the srh-220::bad-1::g■ p transgene

preferentially labels the ADL ventral branch (arrow).

(G) Quantitation of the fluorescence intensity ratio between the ventral and dorsal

branches in animals expressing GFP, BAD-1::GFP or UNC-40::GFP in ADL. Asterisks

indicate a significant enrichment in ventral branch fluorescence as compared to GFP

alone (P<0.005, Paired t-test). Error bars represent the standard error of the mean.

(H) An adult animal displaying preferential srh-220::unc-40::g■ p expression in the ADL

ventral branch (arrow).

For (D-F) and (H), the branch point is indicated by a white arrowhead. Anterior is to the

left, dorsal at the top in all panels. Scale bars equal 5 pum.
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Figure 6. BAD-1 overexpression causes UNC-40-dependent ventral outgrowth and

ectopic branching of the ALM neuron.

(A) AVM ventral guidance defects in bad-1(ky592) animals are rescued by a mec-7::bad

1 transgene. n = 63-297. Error bars represent the standard error of proportion.

(B and C) The ALM neuron projects an axon anteriorly to the head in a lateral position

(arrow) in wild-type animals, as diagrammed or labeled by a mec-4::g■ p transgene.

In mec-7::bad-1(kyEx638) transgenic animals: (D and E) the ALM axon projects

ventrally (arrow) to the ventral midline instead of laterally; (F and G) the ALM cell body

(arrow) is ventrally displaced compared to wild-type; and (H and I) the ALM axon

exhibits ectopic branches (arrow).

(J) ALM ventral outgrowth and branching phenotypes induced by BAD-1 overexpression

are suppressed in unc-40 mutants. The percentage of ventral outgrowth and axon

branching defects was determined for wild-type, animals carrying the mec-7::bad

1(kyEx638) transgene, and double mutants between unc-40(e1430) and mec-7::bad

1(kyEx638), n = 136-184. Error bars represent the standard error of proportion.

(K) BAD-1 binds to the cytoplasmic domain of UNC-40, but not GST or the SAX-3

cytoplasmic domain. Molecular weight standards are indicated on the right, in kDa.

Anterior is to the left, dorsal at the top. Scale bar equals 5 pum.
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Figure 7. Models for BAD-1 function.

(A) In model 1, UNC-6 activation of the UNC-40 receptor recruits BAD-1 through a

direct interaction. BAD-1 functions as a signaling scaffold for components of the CED

10/UNC-115 and UNC-34 pathways, ultimately directing attractive guidance.

(B) In model 2, UNC-6 activation of the UNC-40 receptor is capable of eliciting a

multitude of responses, including attractive and repulsive axon guidance, outgrowth, and

branching. Our results indicate that BAD-1 functions in promoting axon attraction and

branching downstream of UNC-40, but does not contribute to its functions in axon

repulsion and outgrowth.
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Chapter Five

Future Directions * ,
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This thesis describes the identification and characterization of genes required for

axon guidance and branching in C. elegans. The secreted extracellular protein SLT-1

regulates midline, anterior-posterior, and dorsal-ventral guidance via interactions with the

SAX-3/Robo receptor. SLT-1 acts in parallel to the ventral attractant UNC-6/Netrin and

its receptor UNC-40/DCC to direct ventral guidance. However, slt-1 mutants do not

exhibit the nerve ring and epithelial defects of sax-3 mutants, suggesting both SLT-1-

dependent and SLT-1-independent functions of SAX-3 in development. Screens for

mutants with axon branching defects led to the identification of bad genes required for

general (bad-4, sax-3, and unc-34) or specific (bad-1, bad-2, bad-3, unc-6, unc-33, unc

40, unc-44, unc-51, unc-119, and lin-11) branching decisions. Several of these genes are

also involved in ventral axon guidance. The tripartite motif family protein BAD-1 is

required for UNC-6/UNC-40-dependent attractive guidance and branching, and acts in

parallel to the SLT-1 ligand for ventral guidance. In addition, BAD-1 acts at the level of

the UNC-40 receptor, upstream of cytoplasmic proteins implicated in UNC-40 signaling.

The discovery of genes required for both axon guidance and branching provides evidence

that common molecular mechanisms underlie both processes.

Future Directions: SAX-3 signaling and SLT-1-independent functions of SAX-3

The identification of components of the SAX-3 signaling pathway will be

essential to an understanding of how SAX-3 receptor activation upon binding the SLT-1

ligand leads to changes in growth cone orientation at the level of the cytoskeleton.

Recent studies have demonstrated that signaling downstream of SAX-3/Robo is mediated

in part by UNC-34/Enabled in Drosopohila and C. elegans. In both organisms, SAX

~~* :
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3/Robo and UNC-34/Enabled share mutant phenotypes and interact genetically and

biochemically (Bashaw et al., 2000; Yu et al., 2002). Furthermore, mutations in unc-34

are able to suppress the effects of SLT-1 misexpression (Yu et al., 2002). However, the

weakness of unc-34 null phenotypes suggests that additional signaling pathways act

downstream of SAX-3.

In Drosophila, the Abl tyrosine kinase and receptor protein tyrosine phosphatases

modulate the phosphorylation state of the Robo cytoplasmic domain (Bashaw et al.,

2000). Vertebrate Robo receptors interact with a novel family of Cdc42-specific GAPs,

and C. elegans SAX-3 can bind the Rac and Cdc42 adaptor protein Dock/Nck (Wong et

al., 2001; T. Yu, personal communication). As the role of these proteins in Slit-mediated

axon guidance in C. elegans is unknown, it will be informative to obtain and characterize

loss-of-function mutations in the homologs of these genes. For example, deletion alleles

provided by the C. elegans knockout consortium could be analyzed for defects in nerve

ring guidance, midline crossing, neuronal migrations, and ventral guidance. Double

mutant analyses could be performed for AVM ventral guidance between each candidate

signaling gene and either slt-1 or unc-6. Assignment of a candidate gene to the slt-1/sax

3 pathway would be made if the double mutant with slt-1 displays defects comparable to

slt-1 alone, and defects observed in the double mutant with unc-6 are enhanced with

respect to unc-6 alone. This approach provides a simple, yet powerful tool for

determining the relevance of genes in SLT-1-mediated repulsive axon guidance.

Genetic screens provide an opportunity to identify additional components of the

SAX-3 guidance system in an unbiased manner. One such screen could take advantage

of the observation that while unc-6, unc-40, and slt-1 null mutants display only partially
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penetrant defects in AVM ventral guidance, unc-6 slt-1 or unc-40; slt-1 double mutants

are almost completely devoid of normal AVM axon projections (Hao et al., 2001). In

fact, two slt-1 alleles were isolated as mutations that enhanced the ventral guidance

defects of unc-40 mutants (Hao et al., 2001). This screen also identified eva-1, a

mutation that enhances the ventral guidance defects of unc-6 or unc-40 null mutants but

does not enhance the ventral guidance defects of slt-1 null or sax-3 strong loss-of

function mutants (Fujisawa and Culotti, 2002). These results suggest that EVA-1

functions in the same pathway as SLT-1 and SAX-3. It will be interesting to determine if

mutations in eva-1 are capable of suppressing the effects of SLT-1 misexpression, as this

would indicate that EVA-1 acts downstream of the SLT-1 ligand as a possible component

of the SAX-3 signaling machinery. Because this particular screen may not have reached

saturation, its repetition could yield other genes that function in the same pathway as slt-1

and sax-3. Thus, an enhancer screen for AVM ventral guidance defects performed in an

unc-6 or unc-40 null background would allow the identification of additional genes

required for slt-1/sax-3-dependent guidance.

Although slt-1 and sax-3 mutants share many defects in axon guidance and cell

migration, a surprising finding was that slt-1 mutants do not exhibit the defects in nerve

ring guidance and epithelial morphogenesis observed in sax-3 (Hao et al., 2001). This

result indicates that SAX-3 has both SLT-1-dependent and SLT-1-independent functions

in development. The SLT-1-independent functions could be ligand independent or there

may be a second ligand for SAX-3. The striking difference in phenotypes in the nerve

ring suggests possible genetic redundancy and provides the basis for identifying a second

SAX-3 ligand. While slt-1 mutants display no defects in axon guidance to and within the
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nerve ring, mutations in sax-3 disrupt multiple aspects of nerve ring guidance, with axons

often misprojecting anteriorly (Zallen et al., 1999; Hao et al., 2001). Thus, performing a

genetic screen in a slt-1 null background could potentially allow the identification of

mutations that cause nerve ring guidance and epithelial defects (J. Kennerdell and C.

Bargmann, in progress). These defects would be observed in combination with the loss

of slt-1, but not alone. However, the high degree of lethality associated with defects in

epithelial morphogenesis complicates the isolation of mutants. This can be averted by

screening in a slt-1 null strain that carries a rescuing slt-1(+) transgenic array. Mutants

identified by this method will be in large part inviable without the slt-1(+) array, but

viable when the array is present. The mutation then can be crossed away from slt-1 and

examined for defects on its own. More importantly, nerve ring guidance defects will be

assessed in double mutant escapers without the slt-1(+) array. Promising candidates

could encode a potential second ligand for SAX-3.

Future Directions: The role of BAD-4 in SAX-3-dependent guidance and branching

Screens for mutants with defects in ADL axon branching identified bad-4 and

unc-34 as genes required for both dorsal and ventral branch formation. A candidate gene

approach demonstrated that sax-3 mutants also exhibit identical defects in axon

branching. SAX-3 and UNC-34 act in the same genetic pathway for repulsive axon

guidance (Yu et al., 2002), and the similarity in their ADL branching defects suggests

that they may also act in concert to promote axon branching. Interestingly, in addition to

axon branching defects, bad-4 and sax-3 mutants share many other phenotypes, including

defects in cell migration, midline crossing, and egg-laying, as well as notched heads and
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a slightly dumpy appearance (Zallen et al., 1998, 1999; Chapter 3). bad-4 mutants also

display defects in nerve ring guidance, but these are not as penetrant or severe as those

observed in sax-3 mutants. Double mutant analysis indicates that BAD-4 and UNC-6 act

in parallel for AVM ventral guidance, suggesting that BAD-4 and SAX-3 act in the same

genetic pathway. It will be necessary to characterize AVM ventral guidance in bad-4;

slt-1 double mutants and show a lack of enhancement to confirm that BAD-4 is required

for SLT-1/SAX-3-dependent ventral guidance. The lethality associated with the

strongest sax-3 allele may preclude double mutant analysis with bad-4.

The phenotypic similarity between bad-4 and sax-3 mutants and genetic evidence

that they act in the same pathway for ventral guidance strongly suggest that bad-4

encodes a component of the SAX-3 pathway. BAD-4 could function as a cytoplasmic

signaling protein required for SLT-1/SAX-3-mediated axon guidance. Alternatively, an

attractive hypothesis is that bad-4 could encode a second SAX-3 ligand. This is

supported by findings that slt-1 mutants do not exhibit the axon branching, epithelial

morphogenesis, and nerve ring guidance defects observed in bad-4 and sax-3 mutants.

These SAX-3-dependent processes may either be ligand independent, or may involve a

ligand other than SLT-1, possibly the product of the bad-4 gene. A particularly

informative experiment to address this issue is to construct a bad-4; slt-1 double mutant

and examine nerve ring axon guidance. If these axons now extend inappropriately into

the region anterior of the nerve ring, a phenotype of sax-3 never observed in either bad-4

or slt-1 single mutants, BAD-4 and SLT-1 could act redundantly as ligands for SAX-3-

mediated nerve ring formation (J. Kennerdell and C. Bargmann, in progress). Future
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studies directed at the cloning and molecular characterization of bad-4 will provide

insight into its role in the sax-3 pathway.

Future Directions: The role of BAD-1 and mammalian TRIM proteins in axon

guidance and branching

The novel cytoplasmic multi-domain protein BAD-1 is required for UNC-6/UNC

40-dependent axon guidance and branching and is related to a large family of vertebrate

proteins containing a RING finger, B-Box, coiled-coil tripartite motif (TRIM). Genes

belonging to the TRIM family are implicated in a variety of diverse processes, including

development and cell growth, and are involved in several human diseases (Reymond et

al., 2001). Moreover, most TRIM proteins localize to novel subcellular compartments

and mediate such processes as gene transcription, signal transduction, membrane

trafficking, and protein turnover (Reymond et al., 2001).

The RING finger is an unusual type of cysteine/histidine-rich zinc-binding

domain involved in a variety of cellular processes, including ubiquitination. Several

RING finger-containing proteins, including TRIM18, exhibit ubiquitin ligase activity (Hu

et al., 1997; Thien and Langdon, 2001; Trockenbacher et al., 2001), and another, Nrdpl;

modulates cell surface ErbB3 receptor levels most likely via their ubiquitination and

trafficking to intracellular degradative compartments (Diamonti et al., 2002). We have

examined whether BAD-1 displays E3 ubiquitin ligase activity by performing an assay

with radiolabeled in vitro translated BAD-1 protein and purified E1 and E2 enzymes, but

have not observed any self-ubiquitination of BAD-1 (J.C.H., C.I.B., and M.T.L.,

unpublished data). However, the addition of a putative substrate, such as UNC-40, to the
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assay may reveal a ubiquitin ligase activity of BAD-1. Alternatively, the ubiquitin ligase

activity of BAD-1 may require E1 and E2 enzymes not included in our original

experiments. Future studies may determine whether BAD-1 has a role in targeting

proteins to the proteasome.

RING finger-containing proteins are also thought to regulate vesicular transport.

In yeast, for example, the RING finger protein Vacl has been implicated in regulating

vesicular trafficking from the Golgi to the endosome (Burd et al., 1997), and the neuron

enriched RING finger protein Rim.1 is involved in synaptic vesicle docking and fusion

(Wang et al., 1997). The striking localization of both BAD-1 and UNC-40 to the ADL

ventral branch suggests that BAD-1 may act to specifically deliver UNC-40 to the ventral

branch. However, in bad-1 mutant animals that still displayed a normal-looking ADL

ventral branch, UNC-40::GFP appeared to be appropriately localized (J.C.H., C.I.B., and

M.T.L., unpublished data). Although this result suggests that UNC-40 is delivered by a

BAD-1-independent mechanism, it is possible that its overexpression in ADL bypasses

the requirement for proteins such as BAD-1, which are normally involved in its

localization. The converse experiment of looking at BAD-1::GFP localization in unc-40

mutants is technically challenging, as ventral branch formation is almost completely

defective in these mutants. It will be interesting to examine the subcellular localizations

of BAD-1 and UNC-40 alone or together in a heterologous system. If BAD-1 and UNC

40 by themselves are found in cytoplasmic vesicular structures, but the introduction of

both proteins results in co-localization at the cell surface, these results would support a

role for BAD-1 in UNC-40 trafficking and localization.

*
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Some members of the TRIM family of proteins are thought to act as scaffolds, via

their multiple protein-protein interaction domains, for the formation of protein complexes

necessary for processes such as signal transduction (Borden, 2000). The coiled-coiled

domain in many TRIM proteins is involved in homo-multimerization (Reymond et al.,

2001). We have found that BAD-1 binds to the cytoplasmic domain of UNC-40,

providing a potential link between receptor activation and downstream signaling. In

addition, the possibility of homo-oligomerization through its coiled-coil domain suggests

that BAD-1 could be involved in the creation of large macromolecular signaling

complexes at the site of UNC-40 activation. Searching for cytoplasmic proteins that

interact with BAD-1 by approaches such as yeast two hybrid screening could identify

additional components of the UNC-40 signaling pathway (M. Huse and M. Tessier

Lavigne, in progress).

The mechanisms of UNC-6/UNC-40 guidance are phylogenetically conserved,

suggesting a BAD-1 homolog could mediate axon guidance and branching in vertebrates.

BAD-1 displays significant homology to the TRIM family of proteins, with a remarkable

degree of amino acid sequence identity to the mammalian TRIM9 protein. Although

little is known about the function of TRIM9, the great degree of conservation between the

worm and mammalian proteins implies that they may play similar roles in neural

development. Interestingly, mouse TRIM9 is expressed mainly in the central nervous

system during development, including a subpopulation of commissural neurons in the

spinal cord and the dorsal root and trigeminal sensory ganglia (Berti et al., 2002; J.C.H.,

F. Wang, C.I.B., and M.T.L., unpublished data). The robust and timely expression of

TRIM9 suggests that it could also be involved in axonal development in mammals.

S.
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TRIM9 has been identified as an EVL-binding protein by a yeast two-hybrid

screen (D. Rubinson and F. Gertler, personal communication). EVL was originally

identified based on its homology to Drosophila Enabled and the mammalian Vasodilator

Stimulated Phosphoprotein (VASP) (Gertler et al., 1996). As UNC-34/Enabled may link

guidance receptors to the actin cytoskeleton for both attractive and repulsive axon

guidance in C. elegans (Yu et al., 2002; Gitai et al., 2003), it is tempting to speculate that

the Enabled family of proteins could be linked to the DCC attractive receptor through

interactions with TRIM9. However, we have been unable to observe a direct interaction

between TRIM9 and DCC in co-immunoprecipitation experiments from COS-1 cells

(Appendix D), and these proteins do not co-localize when transfected into COS-1 cells

(M. Huse and M. Tessier-Lavigne, personal communication), suggesting that a different

TRIM family member may be the actual BAD-1 ortholog in mammals. In situ

hybridization studies on additional TRIM genes may identify other candidate orthologs

based on their expression patterns in the spinal cord (M. Huse and M. Tessier-Lavigne, in

progress). These candidates could then be tested for interaction with the DCC

cytoplasmic domain.

Conclusion

The identification of genes required for axon guidance and branching in C.

elegans suggests several directions for future analysis. These include the use of

sensitized genetic screens and molecular characterizations of uncloned genes to identify

additional components of these pathways in vivo, along with biochemical and cell

biological studies to define physical and regulatory interactions in vitro. An

º
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understanding of the signaling events downstream of the SAX-3 and UNC-40 receptors

may provide invaluable insight into the mechanisms by which receptor activation

regulates the cytoskeletal changes required for growth cone turning and axon branch

formation.

128



Bibliography

Acebes, A., and Ferrús, A. (2000). Cellular and molecular features of axon collateral

and dendrites. Trends Neurosci. 23, 557-565.

Baas, P.W. (1999). Microtubules and neuronal polarity: lessons from mitosis. Neuron

22, 23-31.

Bagri, A., Marin, O., Plump, A.S., Mak, J., Pleasure, S.J., Rubenstein, J.L., and

Tessier-Lavigne, M. (2002). Slit proteins prevent midline crossing and

determine the dorsoventral position of major axonal pathways in the mammalian

forebrain. Neuron 33, 233-248.

Bashaw, G.J., Kidd, T., Murray, D., Pawson, T., and Goodman, C.S. (2000).

Repulsive axon guidance: Abelson and Enabled play opposing roles downstream

of the Roundabout receptor. Cell 101,703-715.

Bastmeyer, M., and O'Leary, D.D. (1996). Dynamics of target recognition by

interstitial axon branching along developing cortical axons. J. Neurosci. 16,

1450-1459.

Baum, P.D., and Garriga, G. (1997). Neuronal migrations and axon fasciculation are

disrupted in ina-1 integrin mutants. Neuron 19, 51-62.

Berti, C., Messali, S., Ballabio, A., Reymond, A., and Meroni, G. (2002). TRIM9 is

specifically expressed in the embryonic and adult nervous system. Mech. Dev.

113, 159-162.

129



Bloom, L., and Horvitz, H.R. (1997). The Caenorhabditis elegans gene unc-76 and its

human homologs define a new gene family involved in axonal outgrowth and

fasciculation. Proc. Natl. Acad. Sci.USA 94, 3414-3419.

Borden, K.L. (1998). RING fingers and B-boxes: zinc-binding protein-protein

interaction domains. Biochem. Cell Biol. 76, 351–358.

Borden, K.L. (2000). RING domains: master builders of molecular scaffolds? J. Mol.

Biol. 295, 1103-1112.

Bray, D. (1973). Branching patterns of individual sympathetic neurons in culture. J.

Cell Biol. 56, 702-712.

Bray, D., and Hollenbeck, P.J. (1988). Growth cone motility and guidance. Annu.

Rev. Cell Biol. 4, 43-61.

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77, 71-94.

Brose, K., Bland, K.S., Wang, K.H., Arnott, D., Henzel, W., Goodman, C.S., Tessier

Lavigne, M., and Kidd, T. (1999). Slit proteins bind Robo receptors and have

an evolutionarily conserved role in repulsive axon guidance. Cell 96, 795-806.

Bülow, H.E., Berry, K.L., Topper, L.H., Peles, E., and Hobert O. (2002). Heparan

sulfate proteoglycan-dependent induction of axon branching and axon misrouting

by the Kallman syndrome gene kal-1. Proc. Natl. Acad. Sci. USA 99, 6346-6351.

Burd, C.G., Peterson, M., Cowles, C.R., and Emr, S,D. (1997). A novel Sec18p/NSF

dependent complex required for Golgi-to-endosome transport in yeast. Mol. Biol.

Cell. 8, 1089-1104.

130



Campbell, D.S, and Holt, C.E. (2001). Chemotropic responses of retinal growth cones

mediated by rapid local protein synthesis and degradation. Neuron 32, 1013

1026.

Campbell, D.S, and Holt, C.E. (2003). Apoptotic pathway and MAPKs differentially

regulate chemotropic responses of retinal growth cones. Neuron 37,939-952.

Cao, T., Borden, K.L., Freemont, P.S., and Etkin, L.D. (1997). Involvement of the

rfp tripartite motif in protein-protein interactions and subcellular distribution. J.

Cell Sci. 110, 1563-1571.

Chan, S.S.-Y., Zheng, H., Su, M.-W., Wilk, R., Killeen, M.R., Hedgecock, E.M., and

Culotti, J.G. (1996). UNC-40, a C. elegans homolog of DCC (Deleted in

Colorectal Cancer), is required in motile cells responding to UNC-6 netrin cues.

Cell 87, 187-195.

Chen, J.H., Wen, L., Dupuis, S., Wu, J.Y., and Rao, Y. (2001). The N-terminal

leucine-rich regions in Slit are sufficient to repel olfactory bulb axons and

subventricular zone neurons. J. Neurosci. 21, 1548–1556.

Chin-Sang, I.D., George, S.E., Ding, M., Moseley, S.L., Lynch, A.S., and Chisholm,

A.D. (1999). The ephrin VAB-2/EFN-1 functions in neuronal signaling to

regulate epidermal morphogenesis in C. elegans. Cell 99,781-790.

Cohen-Cory, S., and Fraser, S.E. (1995). Effects of brain-derived neurotrophic factor

on optic axon branching and remodelling in vivo. Nature 378, 192-196.

Colamarino, S.A., and Tessier-Lavigne, M. (1995). The axonal chemoattractant

Netrin-1 is also a chemorepellent for trochlear motor axons. Cell 81, 621-629.

131



Colavita, A., and Culotti, J.G. (1998). Suppressors of ectopic UNC-5 growth cone

steering identify eight genes involved in axon guidance in Caenorhabditis

elegans. Dev. Biol. 194, 72-85.

de la Torre, J.R., Hopker, V.H., Ming, G.L., Poo, M.M., Tessier-Lavigne, M.,

Hemmati-Brivanlou, A., and Holt, C.E. (1997). Turning of retinal growth

cones in a Netrin-1 gradient mediated by the Netrin receptor DCC. Neuron 19,

1211-1224.

Dent, E.W., Callaway, J.L., Szebenyi, G., Baas, P.W., and Kalil, K. (1999).

Reorganization and movement of microtubules in axonal growth cones and

developing interstitial branches. J. Neurosci. 19,8894-8908.

Dent, E.W., and Kalil, K. (2001). Axon branching requires interactions between

dynamic microtubules and actin filaments. J. Neurosci. 21,9757-9769.

Desai, C., Garriga, G., McIntire, S.L., and Horvitz, H.R. (1988). A genetic pathway

for the development of the Caenorhabditis elegans HSN motor neurons. Nature

336, 638-646.

Diamonti, A.J., Guy, P.M., Ivanof, C., Wong, K., Sweeney, C., and Carraway, K.L.

3rd. (2002). An RBCC protein implicated in maintenance of steady-state

neuregulin receptor levels. Proc. Natl. Acad. Sci. U S A. 99,2866-2871.

Dickson, B.J. (2002). Molecular mechanisms of axon guidance. Science 298, 1959

1964.

Fazeli, A., Dickinson, S.L., Hermiston, M.L., Tighe, R.V., Steen, R.G., Small, C.G.,

Stoeckli, E.T., Keino-Masu, K., Masu, M., Rayburn, H., Simons, J., Bronson,

R.T., Gordon, J.I., Tessier-Lavigne, M., and Weinberg, R.A. (1997).

132



Phenotype of mice lacking functional Deleted in colorectal cancer (Dcc) gene.

Nature 386, 796-804.

Forcet, C., Stein, E., Pays, L., Corset, V., Llambi, F., Tessier-Lavigne, M., and

Mehlen, P. (2002). Netrin-1-mediated axon outgrowth requires deleted in

colorectal cancer-dependent MAPK activation. Nature 417,443-447.

Forrester, W.C., and Garriga, G. (1997). Genes necessary for C. elegans cell and

growth cone migrations. Development 124, 1831-1843.

Freemont, P.S. (2000). RING for destruction? Curr. Biol. 10, R84-87.

Freyd, G., Kim, S.K., and Horvitz, H.R. (1990). Nove cysteine-rich motif and

homeodomain in the product of the Caenorhabditis elegans cell lineage gene lin

11. Nature 344, 876-879.

Fricke, C., Lee, J.S., Geiger-Rudolph, S., Bonhoeffer, F., and Chien, C.B. (2001).

astray, a zebrafish Roundabout homolog required for retinal axon guidance.

Science 292, 507–510.

Fujisawa, K., and Culotti, J. (2002). Identification of genes specifically required for

ventralward axon guidance in C. elegans. East Coast Worm Meeting abstract.

Gallo, G., and Letourneau, P.C. (1998). Localized sources of neurotrophins initiate

axon collateral sprouting. J. Neurosci. 18, 5403-5414.

Garriga, G., Desai, C., and Horvitz, H.R. (1993). Cell interactions control the

direction of outgrowth, branching and fasciculation of the HSN axons of

Caenorhabditis elegans. Development 117, 1071-1087.

133



George, S.E., Simokat, K., Hardin, J., and Chisholm, A.D. (1998). The VAB-1 Eph

receptor tyrosine kinase functions in neural and epithelial morphogenesis in C.

elegans. Cell 92,633-643.

Gertler, F.B., Niebuhr, K., Reinhard, M., Wehland, J., and Soriano, P. (1996).

Mena, a relative of VASP and Drosophila Enabled, is implicated in the control of

microfilament dynamics. Cell 87,227-239.

Gitai, Z., Yu, T.W., Lundquist, E.A., Tessier-Lavigne, M., and Bargmann, C.I.

(2003). The Netrin receptor UNC-40/DCC stimulates axon attraction and

outgrowth through Enabled and, in parallel, Rac and UNC-115/abLIM. Neuron

37, 53-65.

Goshima, Y., Nakamura, F., Strittmatter, P., Strittmatter, S.M. (1995). Collapsin

induced growth cone collapse mediated by an intracellular protein related to

UNC-33. Nature 376, 509-514.

Hakeda-Suzuki, S., Ng, J., Tzu, J., Dietzl, G., Sun, Y., Harms, M., Nardine, T., Luo,

L., and Dickson, B.J. (2002). Rac function and regulation during Drosophila

development. Nature 416, 438-42.

Hamelin, M., Zhou, Y., Su, M.W., Scott, I.M., and Culotti, J.G. (1993). Expression

of the UNC-5 guidance receptor in the touch neurons of C. elegans steers their

axons dorsally. Nature 364, 327-330.

Hao, J.C., Yu, T.W., Fujisawa, K., Culotti, J.G., Gengyo-Ando, K., Mitani, S.,

Moulder G., Barstead, R., Tessier-Lavigne, M., and Bargmann, C.I. (2001).

C. elegans Slit acts in midline, dorsal-ventral, and anterior-posterior guidance via

the SAX-3/Robo receptor. Neuron 32, 25-38.

134



Hedgecock, E.M., Culotti, J.G., Thomson, J.N., and Perkins, L.A. (1985). Axonal

guidance mutants of Caenorhabditis elegans identified by filling sensory neurons

with fluorescein dyes. Dev. Biol. 111, 158-170.

Hedgecock, E.M., Culotti, J.G., and Hall, D.H. (1990). The unc-5, unc-6, and unc-40

genes guide circumferential migrations of pioneer axons and mesodermal cells on

the epidermis in C. elegans. Neuron 4, 61-85.

Heffner, C.D., Lumsden, A.G., and O'Leary, D.D. (1990). Target control of collateral

extension and directional axon growth in the mammalian brain. Science 247,

217-220.

Hekimi, S., and Kershaw, D. (1993). Axonal guidance defects in a Caenorhabditis

elegans mutant reveal cell-extrinsic determinants of neuronal morphology. J.

Neurosci. 13,4254-4271.

Hobert, O., D'Alberti, T., Liu, Y., and Ruvkun, G. (1998). Control of neural

development and function in a thermoregulatory network by the LIM homeobox

gene lin-11. J. Neurosci. 18, 2084-2096.

Hong, K., Hinck, L., Nishiyama, M., Poo, M.M., Tessier-Lavigne, M., and Stein, E.

(1999). A ligand-gated association between cytoplasmic domains of UNC5 and

DCC family receptors converts Netrin-induced growth cone attraction to

repulsion. Cell 97,927-941.

Hong, K., Nishiyama, M., Henley, J., Tessier-Lavigne, M., and Poo, M. (2000).

Calcium signalling in the guidance of nerve growth by Netrin-1. Nature 403, 93

98.

135



Hopker, V.H., Shewan, D., Tessier-Lavigne, M., Poo, M., and Holt, C. (1999).

Growth-cone attraction to Netrin-1 is converted to repulsion by Laminin-1.

Nature 401, 69-73.

Hu, G., Zhang, S., Vidal, M., Baer, J.L., Xu, T., and Fearon, E.R. (1997).

Mammalian homologs of seven in absentia regulate DCC via the ubiquitin

proteasome pathway. Genes Dev. 11, 2701-2714.

Hu, H. (1999). Chemorepulsion of neuronal migration by Slit2 in the developing

mammalian forebrain. Neuron 23, 703-711.

Hu, H., Marton, T.F., and Goodman, C.S. (2001). Plexin B mediates axon guidance

in Drosophila by simultaneously inhibiting active Rac and enhancing RhoA

signaling. Neuron 32, 39-51.

Huang, L.S., Tzou, P., and Sternberg, P.W. (1994). The lin-15 locus encodes two

negative regulators of Caenorhabditis elegans vulval development. Mol. Biol.

Cell 5, 395-412.

Huang, X., Cheng, H.J., Tessier-Lavigne, M., and Jin, Y. (2002). MAX-1, a novel

PH/MyTH4/FERM domain cytoplasmic protein implicated in Netrin-mediated

axon repulsion. Neuron 34, 563-576.

Hutson, L.D., and Chien, C.B. (2002). Pathfinding and error correction by retinal

axons: the role of astray/robo.2. Neuron 33, 205-217.

Ishii, N., Wadsworth, W.G., Stern, B.D., Culotti, J.G., and Hedgecock, E.M. (1992).

UNC-6, a laminin-related protein, guides cell and pioneer axon migrations in C.

elegans. Neuron 9,873-881.

136



Kalil, K., Szebenyi, G., and Dent E.W. (2000). Common mechanisms underlying

growth cone guidance and axon branching. J. Neurobiol. 44, 145-158.

Kao, H.T., Song, H.J., Porton, B., Ming, G.L., Hoh, J., Abraham, M., Czernik, A.J.,

Pieribone, V.A., Poo, M.M., and Greengard, P. (2002). A protein kinase A

dependent molecular switch in synapsins regulates neurite outgrowth. Nat.

Neurosci. 5, 431–437.

Keino-Masu, K., Masu, M., Hinck, L., Leonardo, E.D., Chan, S.S., Culotti, J.G.,and

Tessier-Lavigne, M. (1996). Deleted in Colorectal Cancer (DCC) encodes a

Netrin receptor. Cell 87, 175-185.

Keleman, K., and Dickson, B.J. (2001). Short- and long-range repulsion by the

Drosophila Uncy Netrin receptor. Neuron 32, 605–617.

Keleman, K., Rajagopalan, S., Cleppien, D., Teis, D., Paiha, K., Huber, L.A.,

Technau, G.M., and Dickson, B.J. (2002). Comm sorts Robo to control axon

guidance at the Drosophila midline. Cell 110, 415-427.

Kennedy, T.E., Serafini, T., de la Torre, J.R., and Tessier-Lavigne, M. (1994).

Netrins are diffusible chemotropic factors for commissural axons in the

embryonic spinal cord. Cell 78,425-435.

Kidd, T., Brose, K., Mitchell, K.J., Fetter, R.D., Tessier-Lavigne, M., Goodman,

C.S., and Tear, G. (1998). Roundabout controls axon crossing of the CNS

midline and defines a novel subfamily of evolutionarily conserved guidance

receptors. Cell 92,205-215.

Kidd, T., Bland, K.S., and Goodman, C.S. (1999). Slit is the midline repellent for the

Robo receptor in Drosophila. Cell 96, 785-794.

137



Knobel K.M., Davis, W.S., Jorgensen, E.M., and Bastiani, M.J. (2001). UNC-119

suppresses axon branching in C. elegans. Development 128,4079-4092.

Kolodziej, P.A., Timpe, L.C., Mitchell, K.J., Fried, S.R., Goodman, C.S., Jan, L.Y.,

and Jan, Y.N. (1996). frazzled encodes a Drosophila member of the DCC

immunoglobulin subfamily and is required for CNS and motor axon guidance.

Cell 87, 197-204.

Kuang, R.Z., and Kalil, K. (1994). Development of specificity in corticospinal

connections by axon collaterals branching selectively into appropriate spinal

targets. J. Comp. Neurol. 344, 270–282.

Leonardo, E.D., Hinck, L., Masu, M., Keino-Masu, K., Ackerman, S.L., and Tessier

Lavigne, M. (1997). Vertebrate homologues of C. elegans UNC-5 are candidate

Netrin receptors. Nature 386, 833-838.

Leung-Hagesteijn, C., Spence, A.M., Stern, B.D., Zhou, Y., Su, M.W., Hedgecock,

E.M., and Culotti, J.G. (1992). UNC-5, a transmembrane protein with

immunoglobulin and thrombospondin type 1 domains, guides cell and pioneer

axon migrations in C. elegans. Cell 71,289-299.

Li, C., and Chalfie, M. (1990). Organogenesis in C. elegans: positioning of neurons

and muscles in the egg-laying system. Neuron 4,681-695.

Li, H.S., Chen, J.H., Wu, W., Fagaly, T., Zhou, L., Yuan, W., Dupuis, S., Jiang,

Z.H., Nash, W., Gick, C., Ornitz, D.M., Wu, J.Y., and Rao, Y. (1999).

Vertebrate Slit, a secreted ligand for the transmembrane protein roundabout, is a

repellent for olfactory bulb axons. Cell 96, 807-818.

138



Li, W., Herman, R.K., and Shaw, J.E. (1992). Analysis of the Caenorhabditis elegans

axonal guidance and outgrowth gene unc-33. Genetics 132, 675-689.

Li, Y., Chin, L.S., Weigel, C., and Li, L. (2001). Spring, a novel RING finger protein

that regulates synaptic vesicle exocytosis. J. Biol. Chem. 276, 40824-40833.

Lim, Y.S., Mallapur, S., Kao, G., Ren, X.C., and Wadsworth, W.G. (1999). Netrin

UNC-6 and the regulation of branching and extension of motoneuron axons from

the ventral nerve cord of Caenorhabditis elegans. J. Neurosci. 19, 7048-7056.

Lundquist, E.A., Herman, R.K., Shaw, J.E., and Bargmann, C.I. (1998). UNC-115,

a conserved protein with predicted LIM and actin-binding domains, mediates

axon guidance in C. elegans. Neuron 21, 385-392.

Lundquist, E.A., Reddien, P.W., Hartwieg, E., Horvitz, H.R., and Bargmann, C.I.

(2001). Three C. elegans Rac proteins and several alternative Rac regulators

control axon guidance, cell migration and apoptotic cell phagocytosis.

Development 128,4475-4488.

Luo, L. (2000). Trio quartet in D. (melanogaster). Neuron 26, 1-2.

Maduro, M., and Pilgrim, D. (1995). Identification and cloning of unc-119, a gene

expressed in the Caenorhabditis elegans nervous system. Genetics 141,977-988.

McIntire, S.L., Garriga, G., White, J., Jacobson, D., and Horvitz, H.R. (1992).

Genes necessary for directed axonal elongation or fasciculation in C. elegans.

Neuron 8, 307-322.

Ming, G.L., Song, H.J., Berninger, B., Holt, C.E., Tessier-Lavigne, M., and Poo,

M.M. (1997). cAMP-dependent growth cone guidance by Netrin-1. Neuron 19,

1225–1235.

-----

139



Ming, G., Song, H., Berninger, B., Inagaki, N., Tessier-Lavigne, M., and Poo, M.

(1999). Phospholipase C-gamma and phosphoinositide 3-kinase mediate

cytoplasmic signaling in nerve growth cone guidance. Neuron 23, 139-148.

Ming, G.L., Wong, S.T., Henley, J., Yuan, X.B., Song, H.J., Spitzer, N.C., and Poo,

M.M. (2002). Adaptation in the chemotactic guidance of nerve growth cones.

Nature 417,411-418.

Mitchell, K.J., Doyle, J.L., Serafini, T., Kennedy, T.E., Tessier-Lavigne, M.,

Goodman, C.S., and Dickson, B.J. (1996). Genetic analysis of Netrin genes in

Drosophila: Netrins guide CNS commissural axons and peripheral motor axons.

Neuron 17, 203-215.

Myat, A., Henry, P., McCabe, V., Flintoft, L., Rotin, D., and Tear, G. (2002).

Drosophila Nedd4, a ubiquitin ligase, is recruited by Commissureless to control

cell surface levels of the Roundabout receptor. Neuron 35, 447-459.

Ng, J., Nardine, T., Harms, M., Tzu, J., Goldstein, A., Sun, Y., Dietzl, G., Dickson,

B.J., and Luo, L. (2002). Rac GTPases control axon growth, guidance and

branching. Nature 416,442-447.

Nguyen Ba-Charvet, K.T., Brose, K., Marillat, V., Kidd, T., Goodman, C.S., Tessier

Lavigne, M., Sotelo, C., and Chedotal, A. (1999). Slit2-Mediated

chemorepulsion and collapse of developing forebrain axons. Neuron 22,463-473.

Ogura, K., Wicky, C., Magnenat, L., Tobler, H., Mori, I., Muller, F., and Ohshima,

Y. (1994). Caenorhabditis elegans unc-51 gene required for axonal elongation

encodes a novel serine/threonine kinase. Genes Dev. 8, 2389-2400.

140



Ogura, K., Shirakawa, M., Barnes, T.M., Hekimi, S., and Ohshima, Y. (1997). The

UNC-14 protein required for axonal elongation and guidance in Caenorhabditis

elegans interacts with the serine/threonine kinase UNC-51. Genes Dev. 11, 1801

1811.

O'Leary, D.D., and Terashima, T. (1988). Cortical axons branch to multiple

subcortical targets by interstitial axon budding: implications for target recognition

and "waiting periods". Neuron 1,901-910.

O'Leary, D.D., Bicknese, A.R., De Carlos, J.A., Heffner, C.D., Koester, S.E., Kutka,

L.J., and Terashima, T. (1990). Target selection by cortical axons: alternative

mechanisms to establish axonal connections in the developing brain. Cold Spring

Harb. Symp. Quant. Biol. 55, 453-468.

Otsuka, A.J., Franco, R., Yang, B., Shim, K.H., Tang, L.Z., Zhang, Y.Y.,

Boontrakulpoontawee, P., Jeyaprakash, A., Hedgecock, E., Wheaton, V.I.,

and Sobery, A. (1995). An ankyrin-related gene (unc-44) is necessary for proper

axonal guidance in Caenorhabditis elegans. J. Cell Biol. 129, 1081-1092.

Plump, A.S., Erskine, L., Sabatier, C., Brose, K., Epstein, C.J., Goodman, C.S.,

Mason, C.A., and Tessier-Lavigne, M. (2002). Slitl and Slit2 cooperate to

prevent premature midline crossing of retinal axons in the mouse visual system.

Neuron 33,219–232.

Quaderi, N.A., Schweiger, S., Gaudenz, K., Franco, B., Rugarli, E.I., Berger, W.,

Feldman, G.J., Volta, M., Andolfi, G., Gilgenkrantz, S., Marion, R.W.,

Hennekam, R.C., Opitz, J.M., Muenke, M., Ropers, H.H., and Ballabio, A.

141



(1997). Opitz G/BBB syndrome, a defect of midline development, is due to

mutations in a new RING finger gene on Xp22. Nat. Genet. 17, 285-291.

Rajagopalan, S., Vivancos, V., Nicolas, E., and Dickson, B.J. (2000a). Selecting a

longitudinal pathway: Robo receptors specify the lateral position of axons in the

Drosophila CNS. Cell 103, 1033-1045.

Rajagopalan, S., Nicolas, E., Vivancos, V., Berger, J., and Dickson, B.J. (2000b).

Crossing the midline: roles and regulation of Robo receptors. Neuron 28, 767

777.

Reddien, P.W., and Horvitz, H.R. (2000). CED-2/CrkII and CED-10/Rac control

phagocytosis and cell migration in Caenorhabditis elegans. Nat. Cell Biol. 2,

131-136.

Reymond, A., Meroni, G., Fantozzi, A., Merla, G., Cairo, S., Luzi, L., Riganelli, D.,

Zanaria, E., Messali, S., Cainarca, S., Guffanti, A., Minucci, S., Pelicci, P.G.,

and Ballabio, A. (2001). The tripartite motif family identifies cell

compartments. EMBO J. 20, 2140-2151.

Rhodes, D.A., Ihrke, G., Reinicke, A.T., Malcherek, G., Towey, M., Isenberg, D.A.,

and Trowsdale, J. (2002). The 52 000 MW Ro/SS-A autoantigen in Sjogren's

syndrome/systemic lupus erythematosus (Roš2) is an interferon-gamma inducible

tripartite motif protein associated with membrane proximal structures.

Immunology 106, 246-256.

Rothberg, J.M., Jacobs, J.R., Goodman, C.S., and Artavanis-Tsakonas, S. (1990).

slit: an extracellular protein necessary for development of midline glia and

142



commissural axon pathways contains both EGF and LRR domains. Genes Dev.

4, 2169-2187.

Rugarli, E.I., Schiavi, E.D., Hilliard, M.A., Arbucci, S., Ghezzi, C., Facciolli, A.,

Coppola, G., Ballabio, A., and Bazzicalupo, P. (2002). The Kallmann

syndrome gene homolog in C. elegans is involved in epidermal morphogenesis

and neurite branching. Development 129, 1283-1294.

Sarafi-Reinach, T.R., Melkman, T., Hobert, O., and Sengupta, P. (2001). The lin-11

LIM homeobox gene specifies olfactory and chemosensory neuron fates in C.

elegans. Development 128, 3269-3281.

Sato, M., Lopez-Mascaraque, L., Heffner, C.D., and O'Leary, D.D. (1994). Action

of a diffusible target-derived chemoattractant on cortical axon branch induction

and directed growth. Neuron 13, 791-803.

Saurin, A.J., Borden, K.L., Boddy, M.N., and Freemont, P.S. (1996). Does this have

a familiar RING'? Trends Biochem. Sci. 21, 208-214.

Schmucker, D., Clemens, J.C., Shu, H., Worby, C.A., Xiao, J., Muda, M., Dixon,

J.E., and Zipursky, S.L. (2000). Drosophila DScam is an axon guidance

receptor exhibiting extraordinary molecular diversity. Cell 101,671-684.

Schnell, L., Schneider, R., Kolbeck, R., Barde, Y.A., and Schwab, M.E. (1994).

Neurotrophin-3 enhances sprouting of corticospinal tract during development and

after adult spinal cord lesion. Nature 367, 170-173.

Schweiger, S., Foerster, J., Lehmann, T., Suckow, V., Muller, Y.A., Walter, G.,

Davies, T., Porter, H., van Bokhoven, H., Lunt, P.W., Traub, P., and Ropers,

143



H.H. (1999). The Opitz syndrome gene product, MID1, associates with

microtubules. Proc. Natl. Acad. Sci. U S A. 96, 2794-2799.

Seeger, M., Tear, G., Ferres-Marco, D., and Goodman, C.S. (1993). Mutations

affecting growth cone guidance in Drosophila: genes necessary for guidance

toward or away from the midline. Neuron 3,409-426.

Serafini, T., Kennedy, T.E., Galko, M.J., Mirzayan, C., Jessell, T.M., and Tessier

Lavigne, M. (1994). The Netrins define a family of axon outgrowth-promoting

proteins homologous to C. elegans UNC-6. Cell 78,409-424.

Serafini, T., Colamarino, S.A., Leonardo, E.D., Wang, H., Beddington, R., Skarnes,

W.C., and Tessier-Lavigne, M. (1996). Netrin-1 is required for commissural

axon guidance in the developing vertebrate nervous system. Cell 87, 1001-1014.

Shekarabi, M., and Kennedy, T.E. (2002). The Netrin-1 receptor DCC promotes

filopodia formation and cell spreading by activating Cdc42 and Rac1. Mol. Cell.

Neurosci. 19, 1-17.

Simpson, J.H., Bland, K.S., Fetter, R.D., and Goodman, C.S. (2000a). Short-range

and long-range guidance by Slit and its Robo receptors: a combinatorial code of

Robo receptors controls lateral position. Cell 103, 1019-1032.

Simpson, J.H., Kidd, T., Bland, K.S., and Goodman, C.S. (2000b). Short-range and

long-range guidance by Slit and its Robo receptors: Robo and Robo2 play distinct

roles in midline guidance. Neuron 28, 753-766.

Slack, F.J., and Ruvkun, G. (1998). A novel repeat domain that is often associated

with RING finger and B-box motifs. Trends Biochem. Sci. 23,474-475.

144



Slack, F.J., Basson, M., Liu, Z., Ambros, V., Horvitz, H.R., and Ruvkun, G. The lin

41 RBCC gene acts in the C. elegans heterochronic pathway between the let-7

regulatory RNA and the LIN-29 transcription factor. (2000). Mol. Cell. 5, 659

669.

Song, H.J., Ming, G.L., and Poo, M.M. (1997). cAMP-induced switching in turning

direction of nerve growth cones. Nature 388, 275-279.

Sonnenfeld, M.J., and Jacobs, J.R. (1994). Mesectodermal cell fate analysis in

Drosophila midline mutants. Mech. Dev. 46, 3-13.

Soussi-Yanicostas, N., de Castro, F., Julliard, A.K., Perfettini, I, Chédotal, A., and

Petit, C. (2002). Anosmin-1, defective in the X-linked form of Kallmann

syndrome, promotes axonal branch formation from olfactory bulb output neurons.

Cell 109, 217-228.

Stein, E., and Tessier-Lavigne, M. (2001). Hierarchical organization of guidance

receptors: silencing of Netrin attraction by Slit through a Robo/DCC receptor

complex. Science 291, 1928-1938.

Steven, R., Kubiseski, T.J., Zheng, H., Kulkarni, S., Mancillas, J., Ruiz Morales, A.,

Hogue, C.W., Pawson, T., and Culotti, J. (1998). UNC-73 activates the Rac

GTPase and is required for cell and growth cone migrations in C. elegans. Cell

92, 785-795.

Stringham, E., Pujol, N., Vandekerckhove, J., and Bogaert, T. (2002). unc-53

controls longitudinal migration in C. elegans. Development 129, 3367-3379.

* - /
* * *

º,
■ : A

-

----"

145



Szebenyi, G., Callaway, J.L., Dent, E.W., and Kalil, K. (1998). Interstitial branches

develop from active regions of the axon demarcated by the primary growth cone

during pausing behaviors. J. Neurosci. 18, 7930-7940.

Szebenyi, G., Dent, E.W., Callaway, J.L., Seys, C., Lueth, H., and Kalil, K. (2001).

Fibroblast growth factor-2 promotes axon branching of cortical neurons by

influencing morphology and behavior of the primary growth cone. J. Neurosci.

21, 3932-3941.

Tessier-Lavigne, M., and Goodman, C.S. (1996). The molecular biology of axon

guidance. Science 274, 1123-1133.

Thien, C.B., and Langdon, W.Y. (2001). Cbl: many adaptations to regulate protein

tyrosine kinases. Nat. Rev. Mol. Cell Biol. 2, 294-307.

Trockenbacher, A., Suckow, V., Foerster, J., Winter, J., Krauss, S., Ropers, H.H.,

Schneider, R., and Schweiger, S. (2001). MID1, mutated in Opitz syndrome,

encodes an ubiquitin ligase that targets phosphatase 2A for degradation. Nat.

Genet. 29, 287–294.

Wadsworth, W.G., Bhatt, H., and Hedgecock, E.M. (1996). Neuroglia and pioneer

neurons express UNC-6 to provide global and local Netrin cues for guiding

migrations in C. elegans. Neuron 16, 35-46.

Wadsworth, W.G. (2002). Moving around in a worm: Netrin UNC-6 and

circumferential axon guidance in C. elegans. Trends Neurosci. 25, 423-429.

Walthall, W.W., and Chalfie, M. (1988). Cell-cell interactions in the guidance of late

developing neurons in Caenorhabditis elegans. Science 239, 643-645.

146



Wang, J., Zugates, C.T., Liang, I.H., Lee, C.H., and Lee, T. (2002). Drosophila

Dscam is required for divergent segregation of sister branches and suppresses

ectopic bifurcation of axons. Neuron 33, 559-571.

Wang, K.H., Brose, K., Arnott, D., Kidd, T., Goodman, C.S., Henzel, W., and

Tessier-Lavigne, M. (1999). Biochemical purification of a mammalian Slit

protein as a positive regulator of sensory axon elongation and branching. Cell 96,

771-784.

Wang, Q., and Wadsworth, W.G. (2002). The C domain of Netrin UNC-6 silences

calcium/calmodulin-dependent protein kinase- and diacylglycerol-dependent axon

branching in Caenorhabditis elegans. J. Neurosci. 22, 2274-2282.

Wang, Y., Okamoto, M., Schmitz, F., Hofmann, K., and Sudhof, T.C. (1997). Rim is

a putative Rab3 effector in regulating synaptic-vesicle fusion. Nature 388, 593

598.

Wessells, N.K., and Nuttall, R.P. (1978). Normal branching, induced branching, and

steering of cultured parasympathetic motor neurons. Exp. Cell Res. 115, 111-122.

Williams, B.D. (1995). Genetic mapping with polymorphic sequence-tagged sites.

Methods Cell Biol. 48, 81–96.

Winberg, M.L., Mitchell, K.J., and Goodman, C.S. (1998). Genetic analysis of the

mechanisms controlling target selection: complementary and combinatorial

functions of Netrins, Semaphorins, and IgCAMs. Cell 93, 581-591.

Wong, K., Ren, X.R., Huang, Y.Z., Xie, Y., Liu, G., Saito, H., Tang, H., Wen, L.,

Brady-Kalnay, S.M., Mei, L., Wu, J.Y., Xiong, W.C., and Rao, Y. (2001).

147



Signal transduction in neuronal migration: roles of GTPase activating proteins and

the small GTPase Cdc42 in the Slit-Robo pathway. Cell 107, 209-221.

Wu, W., Wong, K., Chen, J., Jiang, Z., Dupuis, S., Wu, J.Y., and Rao, Y. (1999).

Directional guidance of neuronal migration in the olfactory system by the protein

Slit. Nature 400, 331-336.

Yu, T.W., Hao, J.C., Lim, W. Tessier-Lavigne, M., and Bargmann, C.I. (2002).

Shared receptors in axon guidance: SAX-3/Robo signals via UNC-34/Enabled

and a Netrin-independent UNC-40/DCC function. Nat. Neurosci. 5, 1147-1154.

Yu, W., Ahmad, F.J., and Baas, P.W. (1994). Microtubule fragmentation and

partitioning in the axon during collateral branch formation. J. Neurosci. 14, 5872

5884.

Yuan, S.S., Cox, L.A., Dasika, G.K., and Lee, E.Y. (1999). Cloning and functional

studies of a novel gene aberrantly expressed in RB-deficient embryos. Dev. Biol.

207, 62-75.

Zallen, J.A., Yi, B.A., and Bargmann, C.I. (1998). The conserved immunoglobulin

superfamily member SAX-3/Robo directs multiple aspects of axon guidance in C.

elegans. Cell 92, 217-227.

Zallen, J.A., Kirch, S.A., and Bargmann, C.I. (1999). Genes required for axon

pathfinding and extension in the C. elegans nerve ring. Development 126, 3679

3692.

Zhu, Y., Li, H., Zhou, L., Wu, J.Y., and Rao, Y. (1999). Cellular and molecular

guidance of GABAergic neuronal migration from an extracortical origin to the

neocortex. Neuron 23, 473–485.

■
º

148



Zipkin, I.D., Kindt, R.M., and Kenyon, C.J. (1997). Role of a new Rho family

member in cell migration and axon guidance in C. elegans. Cell 90, 883-894.

Zou, Y., Stoeckli, E., Chen, H., and Tessier-Lavigne, M. (2000). Squeezing axons out

of the gray matter: a role for Slit and Semaphorin proteins from midline and

ventral spinal cord. Cell 102,363-375.

149



Appendices

150



Appendix A. ADL axon branching mutants not included in Chapter 3. º

The following table describes the ADL branching defects observed in additional º
mutants isolated from the axon branching screen. These mutants have not been further

characterized. . *.s.
-

z - 2

*-, -
* . . . .

*.
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Table.Axonalbranchingdefects
in
additionalbadmutants

Wild-typeNoVentralBranchVentralRouteintoNoDorsalBranch
n

NerveRing

Wild-type100%0%0%0%217 Ventralbranchingdefects bad(ky588)63%30%2%5%60
bad(ky593)78%22%0%0%72

bad(ky598)'87%12%0%1%154 bad(ky599)91%8%0%1%84 Dorsalbranchingdefects bad(ky572)86%0%0%14%63
bad(ky573)79%4%0%17%48

bad(ky578)79%1%0%20%86
bad(ky579)72%0%0%28%29

bad(ky595)90%0%0%10%134 Multiplebranchingdefects bad■ ky582)'84%11%0%5%55
bad(ky584)'63%20%0%17%52

bad(ky586)'83%11%2%5%194 Amphidaxonphenotypeswerecharacterizedusingthe
srh-220::g■ pmarker.Schematicdrawingsshowthehead oftheanimal.Anterior

istotheleft,dorsalattop.n=
numberof
neuronsscored. "Thesemutantsweretemperaturesensitiveandscoredat25°C.
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Appendix B. BAD-1 and UNC-40 localization in the ALM touch neuron.

The localization of BAD-1 and UNC-40 in the six touch neurons was examined

using GFP fusions driven by the mec-7 promoter. For the mec-7::gfp::bad-1 construct,

the bad-1 cDNA was first cloned into the Nhel and AgeI sites of ppD96.41, and ag■ p

PCR product was then cloned in frame into the Nhel site. N2 animals were injected with

150 ng/pul of the plasmid along with odr-1::rfp as a coinjection marker. For the mec

7::unc-40::g■ p construct, the unc-40 cDNA was first cloned into the Nhel and KpnI sites

of pPD96.41, and ag■ p PCR product was then cloned in frame into the Kpnl site. N2

animals were injected with 150 ng/pul of the plasmid along with odr-1::rfp as a

coinjection marker.

The following figure shows adult animals expressing (A) the mec-7::gfp::bad-1

transgene and (B) the mec-7::unc-40::g■ p transgene in the ALM touch neuron. Anterior

is to the left, dorsal at top. Similar punctate expression of both GFP-fusion proteins was

also observed in the AVM, PLM, and PVM touch neurons.

- * * ,
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Appendix C. UNC-40 overexpression redirects ALM axons ventrally and causes

loss-of-function defects in AVM guidance and branching.

The mec-7::unc-40::g■ p transgene (see Appendix B) was crossed into wild-type

or bad-1 animals carrying a mec-4::g■ p marker. ALM axon guidance and AVM axon

guidance and branching were then examined.

The following table shows that overexpression of UNC-40 in ALM produces a

mild gain-of-responsiveness to the ventral UNC-6 guidance cue, but this axon redirection

could not be suppressed in a bad-1 mutant background, providing genetic evidence that

bad-1 may not be active in ALM. UNC-40 overexpression does not induce ectopic

branching in ALM. In addition, UNC-40 overexpression causes AVM ventral guidance

defects (4%, n=50) and AVM branching defects (52%, n=50).
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Table.UNC-40overexpressionredirectsALMaxonsventrally

ALM

z-r-T—of AVM- Wild-typeVentralaxon
n

Wild-type100%0%>100
mec-7::unc-40::g■ p
91%9%117

bad-1(ky592);mec-7::unc-40::g■ p
91%9%74 ALMaxonphenotypeswerecharacterizedusingthemec-4:g■ pmarker.Schematicdrawingsshowtheheadandmidbody

oftheanimal. Anterior
istotheleft,dorsalattop.n=
numberof
neuronsscored.
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Appendix D. TRIM9 does not co-immunoprecipitate with either DCC or UNC-5.

COS-1 cells were transfected with 5 pig TRIM9-FLAG, DCC-MYC, UNC-5-

MYC plasmid alone, or in pairwise combinations. After 16 hrs., 10 puM lactacystin (a

proteasome inhibitor) was added as indicated in the following figure. The addition of

lactacystin was necessary for increasing the expression of DCC-MYC in co-transfection

experiments. Cells were harvested 14 hrs. later and lysates were prepared and used for

immunoprecipitation experiments with either an O-FLAG or o-MYC antibody.

Immunoprecipitation reactions were performed in 20 mM HEPES, pH 7.2, 150 mM

NaCl, 10% glycerol, 1% Triton X-100, 1 mM PMSF, and a protease inhibitor cocktail.

Lysates were incubated with antibodies for 4-5 hrs at 4°C, protein A-agarose beads were

then added, and the reaction was allowed to proceed for another 45 min. Samples were

washed three times and resuspended in sample buffer.

The figure shows starting lysates and immunoprecipitation reactions resolved on

an 8% SDS-PAGE gel, transferred to nitrocellulose, and blotted with either an O-FLAG

antibody (left) or an O-MYC antibody (right). Addition of lactacystin increased both

TRIM9-FLAG and DCC-MYC protein levels. However, no interaction was detected for

either TRIM9 and DCC or TRIM9 and UNC-5.
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