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The Conserved Immunoglobulin Superfamily Member
SAX-3/Robo Directs Multiple Aspects of Axon
Guidance in C. elegans

like UNC-40/DCC/frazzled receptors, their intracellular
regions do not include known catalytic domains.

In both vertebrates and invertebrates, axons that ar-
rive at the ventral midline receive additional guidance
cues that govern their organization. Midline axons are
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divided into two discrete longitudinal bundles that flankDepartment of Anatomy
the midline bilaterally. In vertebrates and in Drosophila,The University of California
most axons cross the midline before joining one of theseSan Francisco, California 94143–0452
two longitudinal bundles. Genetic studies in Drosophila
have implicated two antagonistic genes, roundabout
(robo) and commissureless (comm), in guidance across
the midline (Seeger et al., 1993). In comm mutants, ax-Summary
ons remain in longitudinal bundles instead of crossing
the midline in commissures, indicating that this moleculeThe C. elegans sax-3 gene encodes a predicted trans-
promotes midline crossing. comm encodes a novel trans-membrane protein with five immunoglobulin domains
membrane protein that is expressed on midline cellsand three fibronectin type III repeats that is closely
and some neurons (Tear et al., 1996). In robo mutants,related to Drosophila Robo. Mutations in sax-3 lead
the opposite phenotype is observed: the commissuresto repeated midline crossing by ventral cord axons
are thickened and longitudinal bundles are diminished,

that normally do not cross the midline after they join
suggesting that axons aberrantly cross the ventral mid-

the ventral cord, a phenotype similar to that of robo line instead of remaining in their normal longitudinal
mutants. sax-3 is also required for guidance of some positions (Seeger et al., 1993). Thus, robo activity nor-
axons to the ventral cord, implicating this gene in two mally inhibits midline crossing. In chick, the ability of
different types of guidance events. A sax-3::GFP fusion axons to join the correct bundle requires two transmem-
gene is expressed in developing neurons during axon brane immunoglobulin domain-containing proteins, ax-
outgrowth, and sax-3 function is required at the time onin-1/TAG-1 and NrCAM (Stoeckli and Landmesser,
of axon guidance, suggesting that this gene mediates 1995; Stoeckli et al., 1997). Axonin-1 is present on axons
cell interactions during guidance decisions. that cross the midline and NrCAM is present on midline

cells. If the interaction between these two molecules is
blocked, axons are unable to cross the midline and stall

Introduction on the ipsilateral side, a result similar to that observed
in Drosophila comm mutants.

Developing axons navigate through complex environ- The C. elegans ventral nerve cord also has left and
ments using highly conserved guidance cues and re- right longitudinal bundles, but unlike the vertebrate and
ceptors (Keynes and Cook, 1995; Goodman, 1996; Tes- Drosophila midlines, the C. elegans ventral nerve cord
sier-Lavigne and Goodman, 1996). These pathways are is asymmetric (White et al., 1976, 1986). Although most
particularly well-defined in the vertebrate spinal cord of the neurons that contribute longitudinal axons to the
and its invertebrate equivalents, the ventral nerve cord nerve cord have cell bodies in bilaterally symmetric
of C. elegans and the ventral CNS of Drosophila melano- pairs, the right ventral nerve cord contains about 40
gaster. In all cases, diffusible axon guidance molecules axons, while the left ventral nerve cord in the central

body contains only four axons (Figure 1A). These twoof the netrin/UNC-6 family attract axons from peripheral
axon bundles are separated by an epidermal protrusionlocations to the ventral midline where the major nerve
called the hypodermal ridge. Thus, most neurons whosecord forms (Hedgecock et al., 1990; Ishii et al., 1992;
cell bodies are on the left have axons that cross overKennedy et al., 1994; Serafini et al., 1994, 1996; Harris
to the right side, while axons from most cell bodieset al., 1996; Mitchell et al., 1996; Wadsworth et al., 1996).
on the right remain ipsilateral. In C. elegans, midlineAttraction to netrin/UNC-6 is mediated by the DCC/
crossing is only observed when an axon first joins theUNC-40/frazzled family of receptors, which encode pre-
ventral nerve cord, usually at the anterior or posteriordicted transmembrane proteins with four immunoglobu-
end of the nerve cord.lin domains and six fibronectin type III domains (Chan

Two types of neurons contribute to the organizationet al., 1996; Keino-Masu et al., 1996; Kolodziej et al., 1996).
of the ventral nerve cord. The AVG neuron is an unpairedAxon guidance away from the ventral midline can also
neuron whose axon runs along the right ventral nerve

be mediated by netrin/UNC-6 cues through chemore- cord. When it is killed, ventral nerve cord axons are
pellent effects on axons that express receptors in the defasciculated and some motor axons extend aberrantly
UNC-5 family (Hedgecock et al., 1990; Hamelin et al., in the left ventral nerve cord, although longitudinal in-
1993). UNC-5 receptors are transmembrane molecules terneuron axons remain on the right (Durbin, 1987). The
with two immunoglobulin domains and two thrombo- PVPR axon is required for the formationof the left ventral
spondin type 1 domains (Leung-Hagesteijn et al., 1992); nerve cord. When PVPR is killed, all axons join the right

nerve cord (Durbin, 1987). Thus, the right-hand bias of
the nerve cord is preserved even in the absence of these
pioneer neurons.*To whom correspondence should be addressed.
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Figure 1. Disrupted Guidance of Interneuron
Axons to and within the Ventral Nerve Cord
of sax-3 Mutants

(A) Organization of the ventral nerve cord of
C. elegans. Interneurons with axons that ex-
tend in the right ventral cord are shown in
blue. Axons from cell bodies on the right side
of the animal travel in the right ventral cord
without crossing the ventral midline, while
many axons from cell bodies on the left side
cross the midline to join the right ventral cord.
The HSN motor neuron pair in the midbody
is shown in red, and the PVQ interneuron pair
in the tail is shown in green. Both neuron pairs
send axons ventrally to the midline and then
anteriorly to the head without crossing the
midline. Not shown are the two other axons
in the left ventral cord, the z30 other axons
in the right ventral cord, and the z90 other
axons in the nerve ring.
(B–E) Axons from the AVA, AVB, AVD, AVE,
AVG, and PVC interneurons extend in theven-
tral nerve cord and express the glr-1::GFP
transgene. (B) In wild-type animals (lateral
view), these axons are restricted to the ventral
nerve cord (arrowheads). (C) In sax-3 mutants
(lateral view), some axons extend aberrantly
in a lateral position (arrow) but most reach
the ventral nerve cord (arrowheads, not in
focus). (D) In wild-type animals (ventral view),
all axons are right of the ventral midline (de-
fined by the vulva, arrowhead). (E) In a sax-
3(ky123) mutant (ventral view), some axons
cross the midline and extend inthe left ventral
nerve cord (arrows; arrowhead defines the
vulva).
(F and G) Axons from the two PVQ interneu-
rons extend in the ventral nerve cord and ex-
press sra-6::GFP. (F) 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 in all
panels). (G) In a sax-3(ky123) mutant animal
(ventral view), the PVQ axons cross the mid-
line at multiple positions. Here both axons
(arrows) run on the left side of the vulva. Ante-
rior is at left in all panels.
Scale bars 5 10 mm.

We describe here the effects of the sax-3 gene in the Results
ventral nerve cord. In sax-3 mutants, most longitudinal
axons in the ventral cord extend to their full length, but Mutations in sax-3 Disrupt Axon Guidance

in the Ventral Nerve Cordthe left-right asymmetry of the ventral cord is disrupted
so that many longitudinal axons extend on the incorrect The two primary axon bundles in C. elegans are the

nerve ring in the head and the ventral nerve cord alongside of the nerve cord. A single mutant axon can cross
the midline many times along its trajectory. Thus, sax-3 the midline of the body. Most C. elegans neurons extend

axons into at least one of these axon bundles (White etacts to establish the asymmetry of the ventral nerve
cord. In addition, sax-3 activity is required to guide ax- al., 1976, 1986). Four mutations in the sax-3 gene were

identified in a screen for mutations that affect the forma-ons to the ventral midline; in mutant animals, some ven-
tral cord axons are found in aberrant lateral positions. tion of the nerve ring (J. A. Z. and C. I. B., unpublished

data). In these mutants, the nerve ring was found in anThese functions of sax-3 allow it to act in concert with
the unc-6/netrin pathway to recruit axons to the ventral aberrant anterior position and many nerve ring axons

were misrouted. While these defects are dramatic, theynerve cord. sax-3 encodes a predicted transmembrane
molecule that is similar to the Drosophila robo gene are difficult to analyze because little is known about the

formation of the nerve ring during development. There-product (Kidd et al., 1998a [this issue of Cell]), identifying
a new conserved family of cell surface molecules in- fore, we examined the function of sax-3 in the better-

understood ventral nerve cord. These studies were con-volved in axon guidance.
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number of axons crossed the midline at some point inTable 1. Axon Defects in Ventral Cord Interneurons in sax-3
Mutants their trajectory. Except for these crossover events, the

glr-1-expressing neurons were tightly fasciculated with
one another, as they are in wild-type animals. Thus,
sax-3 functions both in the guidance of glr-1::GFP-
expressing axons to the ventral midline and in their re-
striction to the right ventral nerve cord.

Single Axons Cross the Midline Multiple Times
in sax-3 Mutant Ventral Nerve Cords
To examine the behavior of single axons in sax-3 mu-
tants in greater detail, we made use of a transgene that
labels a single pair of ventral cord axons. The two PVQ
neurons have cell bodies in the tail and axons that travel
the length of the ventral nerve cord: the PVQR axon in
the right cord and the PVQL axon in the left cord. The
PVQ axons in wild-type animals normally grow alongAxon phenotypes were scored in adults with the glr-1::GFP marker,

which labels the following interneurons with axons in the ventral the ventral midline without crossing it. An sra-6::GFP
nerve cord: AVA, AVB, AVD, AVE, AVG, and PVC. Schematic draw- transgene is expressed in the PVQ axons and in no other
ings show the central third (top panel) oranterior third (bottompanel) axons in the ventral nerve cord (Troemel et al., 1995;
of the animal. The vulva is indicated by a diamond. n 5 number of

Figure 1F). This transgene was introduced into sax-3animals scored. Animals with more than one phenotype were scored
mutants to characterize the morphology of the PVQin multiple categories, so percentages do not always add up to
axons.100%. Nerve ring axon phenotypes were not scored.

1 ,5 vulva, axons terminated before or at the vulva, a landmark In sax-3 mutants, the PVQ axons extended to their
halfway between the head and the tail. . vulva, axons terminated full length in the ventral nerve cord but repeatedly
after passing the vulva. These refer to aberrant lateral axons in crossed the ventral midline (Figure 1G). One or more
the lateral axon category and ventral cord axons in the premature

crossovers were observed in 55% of sax-3(ky123) mu-termination category.
tant animals, compared to 5% of wild-type animals (n 5

60 each). These defects at the ventral midline resemble
those of the Drosophila robo mutant, where there is
increased axon crossing of the ventral midline (Seegerducted with the mutation sax-3(ky123), which is predicted

to cause a strong loss of function based on its nerve et al., 1993). Individual animals displayed from one to
six apparent crossover events throughout the length ofring phenotype (J. A. Z. and C. I. B., unpublished data)

and the molecular lesion associated with it (see below). the ventral nerve cord. The examination of single PVQ
axons demonstrated that the midline crossing eventsTo examine the overall structure of the ventral nerve

cord, we made use of a glr-1::GFP transgene (Maricq were superimposed on a mostly normal longitudinal tra-
jectory.et al., 1995). This gene is expressed at high levels in 11

neurons with axons in the ventral nerve cord. In wild- Similar crossover phenotypes were observed in the
axons of the two serotonergic HSN motor neurons, visu-type animals, all of these axons are found in the right

ventral nerve cord, and a single axon bundle is visible alized with antibodies to serotonin. In the wild type, each
HSN motor neuron sends an axon ventrally to the midlineat the ventral side of the animal (Figures 1B and 1D). In

sax-3 mutants, two types of defects were observed. and then anteriorly to the head without crossing the
midline (Figure 2A). In sax-3 mutants, the HSN axonsFirst, in over half of the animals one or more axons from

head neurons were located in lateral positions instead were able to cross and recross the ventral midline (Fig-
ure 2B; Table 2; data not shown).of the ventral nerve cord (Figure 1C; Table 1). It was

not possible to determine whether the same cells were The HSN axon also had defects in the initial ventrally
directed component of its outgrowth in sax-3 mutants.affected in all animals. Infrequent termination of axons

within the ventral nerve cord was also observed. In sax-3 In wild-type animals, the HSN axon grows ventrally to
the nerve cord either immediately at the cell body ormutants, the cell bodies of the glr-1::GFP-expressing

neurons were present in normal number and in the ap- shortly anterior of the cell body (Figure 2C). In sax-3
mutants, a high proportion of HSN axons traveled later-propriate body region. Since no axons in the head nor-

mally follow the lateral trajectories observed in sax-3 ally for long distances before reaching the ventral nerve
cord, either in an anterior direction or in an aberrantmutants, they appear to have a defect in guidance and

not in neuronal cell fate determination. posterior direction (Figures 2D and 2E; Table 2). Thus,
as was observed for the ventral cord interneurons, sax-3Second, in sax-3 mutants the glr-1-expressing axons

within the ventral nerve cord were not restricted to the plays two roles in the guidance of the HSN motor neu-
rons: it is required for growth along the epidermis to theright-hand side but were instead found on both the right

and left sides of the nerve cord (Figure 1E; Table 1). This ventral nerve cord and for selection of the ipsilateral
nerve cord during anterior growth.unusual disorganization was most apparent at the vulva,

where the left and right ventral cords are widely sepa- In summary, mutations in sax-3 caused defects in
axon guidance to the ventral nerve cord and disruptedrated. In rare cases, the entire bundle of axons ran on

the left instead of the right side; more often, a small the asymmetry between the right and left ventral nerve
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SAX-3 Is a Member of the Immunoglobulin
Superfamily
sax-3 was cloned using a combination of genetic map-
ping and transformation rescue of its mutant phenotype.
Briefly, sax-3 mapped to the X chromosome between
the gene fax-1 and the polymorphism stP40. Cosmid
clones and subclones covering this region were assayed
for rescueof the sax-3 nerve ringaxon phenotype (Figure
3A). cDNA clones for sax-3 were isolated from the C.
elegans EST project (a generous gift of Yuji Kohara), by
screening a mixed-stage cDNA library (a generous gift
of Bob Barstead) and by RT–PCR (see Experimental
Procedures). These clones represented three alterna-
tively spliced sax-3 isoforms differing by nine amino
acids in their cytoplasmic domains. The longest sax-3
isoform was predicted to encode a 1273 amino acid
protein (Figure 3B).

sax-3 encodes a novel transmembrane protein in the
immunoglobulin superfamily. The SAX-3 protein was
predicted to contain a hydrophobic signal sequence,
an extracellular domain containing five immunoglobulin-
like domains and three fibronectin type III repeats (amino
acids 31–837), a transmembrane domain (amino acids
876–896), and a large cytoplasmic domain (Figures 3A
and 3B). SAX-3 shares this modular structure with the
Drosophila DRobo1 protein and with Robo homologs
identified in Drosophila and vertebrates (Kidd et al.,
1998a). SAX-3 is 35% identical toDRoboI and 37% iden-
tical tohRoboI in the extracellular domain. Despite lower
conservation in the cytoplasmic domains, there are
three conservedcytoplasmic motifs across all homologs
(described in Kidd et al., 1998a). Another vertebrate pro-
tein, CDO, shares the five immunoglobulin domain/three
fibronectin type III domain structure with SAX-3 and the
Robo proteins, but is significantly less similar to the
SAX-3/Robo family (Kang et al., 1997).

To confirm that this open reading frame represented
the sax-3 gene, we identified the mutations in the four
sax-3 alleles (Figures 3A and 3B). sax-3(ky123) deleted
the signal sequence and the first exon of the gene, sax-
3(ky200ts) was a proline to serine substitution in amino
acid 37 of the first Ig domain, sax-3(ky198) disrupted a

Figure 2. Disrupted Guidance of HSN Motor Neuron Axons to and splice acceptor site before the seventh exon, and sax-
within the Ventral Nerve Cord of sax-3 Mutants 3(ky203) introduced a stop codon that truncates the
(A) Wild-type HSN morphology in a sax-3(ky200ts) animal raised at protein immediately after the transmembrane domain.
the permissive temperature, stained with anti-serotonin antibodies Three of the mutations were G→A transition mutations,
(ventrolateral view). The HSN motor axons do not cross the ventral

while the fourth mutation was a small deletion, consis-midline (arrow).
tent with the types of lesions induced by the chemical(B) Axon crossover defect in a sax-3(ky200ts) animal raised at the
mutagen EMS. All four were recessive alleles and exhib-restrictive temperature (ventrolateral view). One HSN axon crosses

the midline to join the axon on the other side (arrow). ited a similar spectrum of defects (J. A. Z. and C. I. B.,
(C) Wild-type HSN axon in a sax-3(ky200ts) mutant grown at the unpublished data) consistent with their causing a loss
permissive temperature (lateral view). The HSN axon (arrows) ex- of gene function.
tends to the ventral midline soon after leaving the HSN cell body.
(D and E) abnormal HSN axons in a sax-3(ky198) animal (D) and a

sax-3::GFP Is Expressed Transiently in Neuronssax-3(ky200ts) animal grown at the restrictive temperature (E). Some
during Axon Outgrowthaxons eventually reach the ventral nerve cord after long anterior or

posterior detours (D), while others wander aimlessly in lateral re- To gain insight into sax-3 expression, we generated a
gions (E). One HSN axon is marked with arrows in (D); the contralat- transgene in which the upstream regions and most of
eral HSN axon is also visible, since this animal is slightly tilted. the sax-3 coding region, including all large introns, were
Anterior is at left in all panels. Scale bar 5 10 mm. fused to an artificial transmembrane domain and the

green fluorescent protein (GFP) reporter gene (Figures
cords. These mutant phenotypes and the nerve ring 3A and 3B). This transgene does not include all of sax-3,
defects in sax-3 mutants suggest that sax-3 functions so it may not fully reflect transcriptional and posttran-

scriptional controls onsax-3 expression. The sax-3::GFPto establish the major axon bundles of C. elegans.
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Table 2. Axon Defects in HSN Motor Neurons in sax-3 Mutants

HSN axon phenotypes were characterized in adults stained with anti-serotonin antibodies. Schematic drawings show the anterior third (top
panel) or central third (bottom panel) of the animal. Anterior is to the left. Animals with more than one phenotype were scored in multiple
categories, so numbers do not always add up to 100%. n 5 number of neurons (bottom panel) or axon segments (top panel) scored (see
Experimental Procedures).
1 The lateral axon category included axons that grew in anterior or posterior directions.
2 The posterior axon category included axons that grew in ventral or lateral positions.

transgene exhibited complex and dynamic expression. larval stage, sax-3::GFP expression continued in head
muscles and appeared in muscles along the body wall,The fusion gene was expressed in most or all neurons

at high levels as well as some hypodermal and muscle with ventral muscles expressing more strongly than dor-
sal muscles and anterior muscles expressing morecells. In most neurons, sax-3::GFP expression was tran-

sient, peaking during the period of axon outgrowth. strongly than posterior muscles (Figure 4B–4D). This
expression persisted until the adult stage. Epidermalsax-3::GFP expression was observed at highest levels

in the embryo, particularly during the initial period of expression was rarely observed in larval stages.
Despite the general extinction of neuronal expressionaxon outgrowth at 350–400 min of development (comma

stage, Figure 4A). The nerve ring and ventral nerve cords in larvae, sax-3::GFP expression appeared in the HSN
motor neurons during the second larval stage. At thisare formed within 1–2 hr of this time (Durbin, 1987). At

the comma stage, the reporter gene is expressed at high time, the HSN neurons begin to extend an axon from
their lateral cell bodies toward the ventral midline (Fig-levels in the anterior embryo, including most developing

neurons of the nerve ring, and in a swath of ventral ures 4C and 4D). The sax-3::GFP marker revealed an
elaborate growth cone leading the HSN axon ventrallycells that includes the developing motor neurons of the

ventral nerve cord and posterior neurons such as PVQ. during the second larval stage (Figure 4C); the axon
reaches the ventral nerve cord around the third larvalA lower level of expression was observed in epidermal

cells. Earlier in embryogenesis (200–400 cell stage; 200– stage (Figure 4D). sax-3::GFP expression continued in
HSN during the fourth larval stage, when the HSN axon300 min of development) sax-3::GFP was expressed in

all epidermal cells at a low level. Later in embryogenesis grows anteriorly to the head, and decreased in the adult
stage after the completion of HSN axon outgrowth. sax-(3-fold stage, .500 min of development), sax-3::GFP

was expressed in the muscles that extend from thenerve 3::GFP expression in the adult included the motor neu-
rons, interneurons, and sensory neurons listed abovering to the anterior tip of the head. The early epidermal

expression followed by later neuronal expression is simi- as well as postembryonic ventral cord motorneurons,
some interneurons from the tail, and head, body wall,lar to the expression of Robo protein in the Drosophila

embryo (Kidd et al., 1998a). and vulval muscles.
By the first larval stage, the sax-3::GFP transgene

was no longer expressed in most sensory neurons but SAX-3 Is Required at the Time of Axon Guidance
sax-3::GFP is expressed in neurons and in embryonicpersisted in motor neurons in the head including RMD,

RMG, SMD, SIA, and SIB neurons; projection interneur- epidermis, consistent with a direct requirement for
SAX-3 during axon guidance or an earlier role for SAX-3ons in the head and tail, including AVA, AVB, PVC, AVD,

PVQ, and ALA neurons; and the sensory OLQ neurons in epidermal patterning events. One way to distinguish
between these possibilities is to provide sax-3 activity at(Figure 4B). This neuronal expression diminished slowly

throughout postembryonic development. During the first different times during development. To ask when sax-3
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Figure 3. Molecular Analysis of sax-3

(A) Genetic map position and rescue of sax-3 with cosmid clones and subclones, showing the genomic organization of the SAX-3 coding
region with sites of mutations and the site of the sax-3::GFP fusion marked. Exons are indicated by open boxes, and 59 and 39 untranslated
regions by filled boxes.
(B) Predicted protein sequence of SAX-3. Immunoglobulin domains are underlined, fibronectin type III domains are underlined in bold, and
the predicted transmembrane domain and alternatively spliced exons are boxed. Asterisks denote sites of sax-3 mutations, and the site of
GFP fusion is indicated.

activity was required, we conducted temperature shift their axon extension and guidance. sax-3 activity was
required embryonically for nerve ring axon guidanceexperiments with a temperature-sensitive allele, sax-3

(ky200ts). We examined three phenotypes: the formation (Figure 5A). Animals raised at the permissive tempera-
ture during embryogenesis exhibited wild-type nerveof the nerve ring, which takes place in the embryo; the

ventral outgrowth of the HSN axon, which takes place ring axon morphology irrespective of the temperature
they encountered in larval stages. Animals raised at thein the L2 stage; and the longitudinal growth of the HSN

axon, which takes place in the L4 stage. All of these restrictive temperature in the embryo were mutant even
if they were shifted to the permissive temperature imme-defects were more severe in sax-3(ky200ts) animals

grown at 258C than at 208C (Figure 5; Table 2). diately after embryogenesis. This embryonic require-
ment for sax-3 function correlates with the time of axonTemperature shift experiments with sax-3(ky200ts)

animals indicated that SAX-3 is required at different extension into the nerve ring.
Additional temperature shift experiments revealed atimes in different neurons, correlating with the time of
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Figure 4. Expression of sax-3::GFP

(A) Comma stage embryo. The anterior cells
that express sax-3::GFP include developing
neuronsand epidermal cells. The ventral cells
in the midbody are the ventral motor neuron
precursors. Much weaker expression is ob-
served in the lateral epidermal cells.
(B) L1 stage larva. Expression is high in head
motor neurons and interneurons (arrow).
Muscles of the head and ventral body also
express the transgene (arrowheads). Epider-
mal expression is absent by this time. No ex-
pression is observed in the immature HSN
motor neurons.
(C) L2 stage larva. The HSN motor neuron is
extending a growth cone toward the ventral
midline and expresses sax-3::GFP at high lev-
els. Arrowhead denotes muscle expression.
(D) L3 stage larva. The HSN axon has reached
the ventral midline, but is not yet extending
along the longitudinal bundles (arrow). The
ventral muscles also express sax-3::GFP (ar-
rowhead).

(C) is a confocal image obtained by Tim Yu; all other images are taken using conventional fluorescence microscopy. Anterior is at left and
dorsal is up in all panels. Scale bars 5 10 mm.

similar embryonic requirement for sax-3 in the outgrowth Discussion
of the PVQ axon, which grows longitudinally in the ven-
tral nerve cord duringembryogenesis. Only the tempera- sax-3 mutants are defective in the axon guidance of

neurons throughout the C. elegans nervous system, andture before the L1 stage was important for the midline
crossing phenotype of the PVQ axon (data not shown). SAX-3 is predicted to be a transmembrane protein in

the immunoglobulin superfamily. SAX-3 could act eitherGuidance of the HSN axon in later larval stages re-
quired postembryonic sax-3 activity (Figures 5B and 5C). as a ligand or a receptor mediating cell interactions, or

a receptor for cell-substrate interactions. The expres-For the guidance of the HSN axon to the ventral midline,
sax-3 activity was most important during the L2 and L3 sion of sax-3::GFP in developing neurons suggests that

SAX-3 acts as a receptor. Most strikingly, the inductionstages (Figure 5B). This requirement for sax-3 coincides
with the time that the HSN axon contacts the ventral of sax-3::GFP in the HSN correlates precisely with the

onset of HSN axon outgrowth and with the temperature-midline and expresses sax-3::GFP, implicating sax-3
function at the time of HSN guidance. By contrast, the sensitive period for ventral guidance of the HSN axon.

A receptor function for SAX-3 is also suggested by itspatterning of epidermal cells and the axon outgrowth
of all neurons in the ventral nerve cord other than the similarity to Drosophila Robo, which is expressed on

the growth cones of developing axons (Kidd et al.,HSN take place in the embryo and L1 stages.
The midline crossing defect of the HSN axon had a 1998a). SAX-3 and the Robo family members have a

five immunoglobulin/three fibronectin type III domainmore complicated temperature dependence (Figure 5C).
Shifts to the permissive temperature demonstrated that organization and substantial sequence similarity that

identifies them as a new subfamily within the immuno-sax-3 activity provided as late as the L4 stage of devel-
opment can rescue the HSN axon crossover defect. At globulin superfamily.

SAX-3 is involved in the guidance of axons to thethis late time the HSN axon has reached the ventral
midline and begun longitudinal outgrowth, indicating ventral nerve cord, the second largest axon bundle in

C. elegans; in sax-3 mutant animals, axons failed tothat sax-3 activity prevents midline crossing during the
time that the HSN axon extends in the longitudinal nerve navigate ventrally to the midline and instead traveled

aberrantly in lateral positions. SAX-3 was also requiredcords. sax-3 activity supplied in the adult could not re-
pair the HSN midline crossing defect, indicating that for the proper organization of axons within the ventral

nerve cord. In wild-type animals, the smaller left bundlesax-3 cannot rescue HSN axons after they have crossed
the midline. In the converse experiment, shifting animals and the larger right bundle of the ventral cord remain

entirely separate throughout their trajectories as theyto the restrictive temperature in the L1 stage or later
did not result in excess midline crossing. These results extend in parallel along the length of the body (White

et al., 1976, 1986). Mutations in sax-3 disrupted the in-indicate that sax-3 activity either in the embryo or at the
time of HSN outgrowth can prevent aberrant crossing tegrity of these bundles, allowing axons to cross repeat-

edly between the left and right sides of the ventral cord.of the ventral midline. One possible interpretation of
these results is that HSN axons in the L4 stage can However, the same axons were still able to extend nor-

mally in a longitudinal direction. Thus, thedefect in sax-3follow a normal uncrossed nerve cord in a wild-type
environment (established in the embryo) without sax-3 mutants represents a defect in guidance rather than

extension of ventral axons.activity, but they require sax-3 activity to extend in an
abnormal nerve cord without crossing the midline. The repeated midline crossing and the associated loss
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Figure 5. sax-3 Activity Is Required at Differ-
ent Times for Different Axon Guidance Events

Single asterisks denote values different from
the left-hand control value at p , 0.01 (see
Experimental Procedures). Double asterisks
denote values different from both the 208C
and 258C control values at p , 0.02.
(A) Temperature dependence of nerve ring
formation in the sax-3(ky200ts) allele. All
postembryonic shifts to the restrictive tem-
perature were significantly different from the
258C control (x2 . 65, p , 0.001). All postem-
bryonic shifts to the permissive temperature
were significantly different from the 208C con-
trol (x2 . 73, p , 0.001). Embryonic tempera-
ture shifts were significantly different from
both the 258C control (x2 . 14, p , 0.001) and
the 208C control (x2 . 7, p , 0.01).
(B) Temperature dependence of ventral guid-
ance of the HSN motor axons. Shift to the
restrictive temperature in the embryo/L1
stage revealed no significant difference from
the 258C control (x2 5 1, p . 0.05). However,
shift to the restrictive temperature in the L2
stage partially rescued HSNventral guidance,
differing from both the 258C control (x2 5 6.6,
p 5 0.01) and the 208C control (x2 5 6.1, p 5

0.014). Animals shifted to the restrictive tem-
perature in the L4 stage were more com-
pletely rescued (L2 vs. L4 x2 5 5.9, p 5 0.015).
In the converse experiment, shifts to the per-
missive temperature at any time before the
L3 stage completely rescued HSN ventral
guidance, with no significant difference from
the 208C control (x2 , 3, p . 0.05). However,
shifting to the permissive temperature in the
L3 stage or later was not able to rescue the
ventral defect of the HSN axon, differing from
the 208C control at x2 . 9, p , 0.01.
(C) Temperature dependence of longitudinal
guidance of the HSN motor axons. Shifts to

the permissive temperature up to the L4 stage rescued the HSN crossing defect (all larval shifts to the permissive temperature were indistinguish-
able from the 208C control and differed from the 258C control at x2 . 11, p , 0.001). Conversely, shifts to the restrictive temperature up to
the L4 stage did not result in midline crossing defects (all larval shifts to the restrictive temperature were statistically indistinguishable from
the 208C control and differed from the 258C control at x2 . 11, p , 0.01). Animals shifted in the adult stage were indistinguishable from animals
that had not been shifted at all (x2 , 1.9, p . 0.05) and significantly different from animals raised at the temperature to which they had been
shifted (x2 . 11, p , 0.01).

of ventral nerve asymmetry in sax-3 mutants are unique is especially striking given the dissimilarity of the Dro-
sophila and C. elegans ventral nerve cords. In Drosoph-mutant phenotypes in C. elegans. Nine genes that affect

the extension of axons in the ventral nerve cord have ila, most axons cross the midline once before projecting
longitudinally. In robo mutants, the small fraction of ax-been identified in previous mutant screens (unc-14,

-33, -34, -44, -51, -71, -73, -76, and vab-8). In all cases, ons that normally remain ipsilateral cross the midline,
and axons that normally cross the midline once aremutant axons terminate prematurely at a high frequency

but maintain a strong bias of axons toward the right thought to cross multiple times because of the dramatic
thickening of mutant commissures (Seeger et al., 1993).ventral cord (McIntire et al., 1992; Wightman et al., 1996).

Seven othergenes that do affect ventral cord asymmetry In contrast to the extensive and symmetric arrangement
of crossovers in the normal Drosophila CNS, C. eleganshave activities that are opposite to sax-3; mutations

in unc-3, -30, -42, -115, fax-1, enu-1, and unc-6/netrin axons normally do not cross at all after they join the
ventral nerve cord. However, in sax-3 mutants the PVQreduce the number of axons in the left ventral cord

(Wadsworth et al., 1996; Wightman et al., 1997). Cell axon can cross the C. elegans midline multiple times,
indicating that robo and sax-3 both act to promote longi-ablation experiments have revealed an essential role for

the PVPR neurons in establishing the left ventral nerve tudinal fascicle integrity and prevent midline crossing.
The sequence similarity between sax-3 and robo (Kiddcord (Durbin, 1987); mutants with missing left nerve

cords may be defective in PVPR function or the ability et al., 1998a) reveals a deep molecular homology in the
organization of these different ventral nerve cords.of other neurons to recognize PVPR.

The ventral cord crossover phenotypes of sax-3 mu- In Drosophila and vertebrates, the left and right longi-
tudinal axon tracts are kept separate in part by a repul-tants are highly reminiscent of the phenotypes of Dro-

sophila robo mutants (Seeger et al., 1993), a result that sive activity of the midline (Myers and Bastiani, 1993;
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Seeger et al., 1993; Stoeckli and Landmesser, 1995; data), including its requirement for proper placement of
the nerve ring, the major circumferential axon bundle inStoeckli et al., 1997). Drosophila Robo has been hypoth-

esized to act as a receptor for the putative midline repel- the head of the animal (White et al., 1986).
sax-3 affects many types of guidance and cell recogni-lent (Kidd et al., 1998a). From our studies in the C. ele-

gans ventral nerve cord, we cannot distinguish whether tion events (J. A. Z. and C. I. B., unpublished data) and
one possibility is that SAX-3 might act as a ligand or asax-3 acts to promote growth along the longitudinal

fascicles or to prevent growth across the midline. The receptor in different contexts. Cell-associated cues can
be bidirectional: for example, transmembrane membersligand (or receptor) for SAX-3 could be an attractive

molecule on axons, a repulsive molecule on the hypo- of the Eph immunoglobulin domain–tyrosine kinase fam-
ily can function either as receptors for transmembranedermal ridge, or both. However, other C. elegans mu-

tants with defasciculated nerve cords do not exhibit or GPI-linked ephrin ligands or as ligands for transmem-
brane ephrins (Friedman and O’Leary, 1996; Holland etextensive midline crossing, indicating that decreased

access to other axons does not drive midline crossing al., 1996; Drescher et al., 1997). A more diverse set of
SAX-3 functions is plausible if it acts as a multifunctionalby default (McIntire et al., 1992). Moreover, in sax-3

mutants most glr-1-expressing axons in the ventral axon guidance molecule.
Sequential induction of different guidance moleculesnerve cord fasciculate normallywhen they are not cross-

ing the midline, indicating that sax-3 does not disrupt all could also contribute to the regulated integration of
guidance cues. It is intriguing that another molecule withcell–cell recognition in the ventral cord. One suggestive

result implicating sax-3 in midline repulsion is that sax-3 five immunoglobulin domains and three fibronectin type
III domains, the CDO protein, is regulated by multipleactivity provided in the L4 stage can prevent HSN mid-

line crossing. At this stage, the earlier axons in the left receptor systems (Kang et al., 1997). CDO is transcrip-
tionally repressed by tyrosine kinase signaling path-ventral nerve cord (PVPR and PVQL) have completed

their outgrowth; the HSN axon typically fasciculates with ways, which are known to influence axon guidance. In
addition, the CDO protein is posttranscriptionally down-these axons onthe left side (Garriga et al., 1993). Animals

raised at the restrictive temperature during embryogen- regulated when cells lose contact with their substrate.
Similarly, the activity of Drosophila Robo may be inhib-esis have extensive PVQ crossover defects and possibly

PVP crossover defects as well. However, if sax-3 activity ited by the action of Commissureless (Comm), a trans-
membrane protein that is required for axons to crossis provided beginning in the L4 stage, the HSN axon

does not aberrantly cross the midline. In this context, the midline (Seeger et al., 1993; Tear et al., 1996, Kidd
et al., 1998b). Conceptually similar events occur duringthe left HSN axon presumably had a choice between

aberrantly crossing the midline along with its normal lymphocyte adhesion, where activation of one type of
adhesion molecule, such as a lectin, permits the subse-neighbors or remaining on the left side without its longi-

tudinal neighbors. Since it remained on the left side quent engagement of an integrin receptor (Luscinskas
et al., 1994). Regulation of SAX-3 activity by other typesin a sax-3-dependent fashion, sax-3 is more strongly

implicated in a midline interaction than in fasciculation of guidance systems could provide spatial and temporal
precision to a broadly acting cell recognition system.with specific ventral cord axons.

In addition to its role at the ventral midline, our results
Experimental Proceduresalso suggest a role for sax-3 in other guidance events.

In particular, sax-3 was required for guidance of the
Strains and GeneticsHSN axon from the lateral HSN cell body to the ventral
Wild-type animals were C. elegans variety Bristol, strain N2. Strains

midline. The HSN axon migrates over epidermis to reach were maintained using standard methods (Brenner, 1974). Animals
the ventral nerve cord, guided by interactions with epi- were grown at 208C except for the sax-3(ky200) strain, which was
dermal cells but not by other axons or egg-laying mus- grown at either 208C or 258C, as noted. Some strains were provided

by the Caenorhabditis Genetic Center.cles (Garriga et al., 1993). In animals that lack SAX-3,
sax-3 mutant alleles were isolated by EMS mutagenesis (J. A. Z.up to half of HSN axons travel long distances in lateral

and C. I. B., unpublished data). The nerve ring axon defect of sax-positions before reaching the midline. These axons mi-
3(ky123) was mapped to LGX under the mnDp57 duplication. Three-

grate along nerve bundles and hypodermal regions that factor mapping was conducted to further localize sax-3 on LGX.
are normally barren of HSN axon outgrowth. 8/12 unc-20 non-lon-2 recombinants and 6/9 lon-2 non-unc-20 re-

SAX-3 may cooperate with different adhesion or guid- combinants weremutant for sax-3. 20/20 lon-2 non-dpy-23 recombi-
nants were mutant for sax-3. 15/15 lon-2 non-lin-18 unc-78 recombi-ance molecules in different cell contexts. SAX-3 acts
nants and 5/6 lon-2 lin-18 non-unc-78 recombinants were mutanttogether with UNC-6/netrin to guide the HSN axon to
for sax-3. 36/39 lon-2 non-fax-1 recombinants segregated sax-3.the ventral nerve cord. Mutations in sax-3 also affect

The stP40 restriction fragment length polymorphism that differs
cell migrations, including the posteriorly directed migra- between the Bristol strains RW7000 and N2 was used to further map
tion of the CAN neurons and the anteriorly directed mi- sax-3. Recombinants were isolated from sax-3(ky123) lon-2(e648)/
gration of the HSN neurons (J. A. Z. and C. I. B., unpub- RW7000 heterozygotes, and 2/6 sax-3 non-lon-2 recombinants and
lished data). These cell migrations are affected in similar 15/16 lon-2 non-sax-3 recombinants segregated the stP40 polymor-

phism. These mapping data placed sax-3 between fax-1 and stP40ways by the C. elegans a integrin gene ina-1 (Baum and
on LGX.Garriga, 1997), but they are not affected by unc-6. Thus,

in cell migration SAX-3 may act in concert with integrin-
Germline Transformation

mediated adhesion pathways and possibly a frizzled Transgenic strains were created as previously described (Mello et
pathway as well (S. Clark and C. I. B., unpublished data). al., 1991). Multiple lines from each injection were characterized for
sax-3 also participates in other guidance events that are rescue of the nerve ring phenotype. Cosmids spanning the region

between fax-1 and stP40 were injected at 10 ng/ml in pools of 4–5less well understood (J. A. Z. and C. I. B., unpublished
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cosmids using the dominant pRF4 rol-6(su1006) plasmid at 100 ng/ injected at 100 ng/ml into lin-15(n765ts) X mutant animals using a
lin-15(1) plasmid at 30 ng/ml as a coinjection marker (Huang et al.,ml as a coinjection marker. Cosmids from the rescuing pool were

injected individually at 30 ng/ml, identifying R06A1 as the single 1994). Transformants were maintained by picking animals rescued
for the lin-15 multivulval phenotype. The sax-3 expression patternrescuing cosmid. An ApaI-PstI subclone of R06A1 rescued the sax-3

mutant phenotype at 10–30 ng/ml. This subclone contained 3.8 kb was assessed in variably mosaic animals that contained the sax-
3::GFP plasmid as unstable extrachromosomal DNA.upstream of the start codon, the entire sax-3 open reading frame,

the sax-3 39 UTR, and 0.2 kb of downstream sequence. The transgenic line in which expression was analyzed appeared
to have mostly normal morphology of sax-3::GFP-expressing cells.
However, disruption of neuronal morphology was observed in somecDNA Isolation and Allele Sequencing
animals.27 partial sax-3 cDNAs were isolated by screening approximately

5 3 105 plaques of a mixed stage C. elegans cDNA library at high
stringency (Barstead and Waterston, 1989) with the yk142c5 cDNA Temperature Shift Experiments
probe (a gift from Y. Kohara). Nine cDNAs were sequenced in their Animals grown at 208C were synchronized by collecting embryos
entirety and the rest partially sequenced. The longest cDNA repre- laid by adults over a 3–5 hr time period. Animals grown at 258C were
sented amino acid 459 to the 39 end of the gene with a 39 UTR of synchronized by washing off adults and larvae from a plate, leaving
562 nucleotides. Of ten cDNAs sequenced across the alternatively behind unhatched eggs, which were transferred to a new plate for
spliced exons, four contained both exons, four contained the first subsequent temperature shifts. Nerve ring phenotypes were scored
but not the second exon, and two did not contain either exon. using the ceh-23::GFP transgene. HSN phenotypes were scored by

The 59 end of the sax-3 coding region was identified by RT–PCR staining with anti-serotonin antibodies. Animals were fixed as adults
from wild-type N2 RNA prepared by Trizol extraction (GIBCO), using at a time point at least 24 hr after they were shifted to a new tempera-
primers from the sax-3 coding region and the C. elegans splice ture. Between 30 and 365 animals were scored at all data points,
leader SL1. The sax-3 sequence was confirmed and its genomic except the embryo/L1 shifts in Figure 5C (n 5 13 and 21); an average
organization determined by aligning the cDNA with the reported of around 100 animals were scored per data point. Data points were
genomic sequence from the C. elegans genome sequencing consor- compared to the control using the x2 statistic and the Primer of
tium (Sulston et al., 1992). Biostatistics program (Stanton A. Glantz, McGraw-Hill Publishers).

To identify the mutations in the four sax-3 alleles, the open reading
frame and splice junctions of the mutant alleles were amplified using
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